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V I
VIBRATION SPECTRA OF POLÏETHYLENES 
AND LONG CHAIN PARAFFINS
INTRODUCTION
There i s  a growing in t e r e s t  in  the s t ru c tu re  and p ro p e r t ie s  o f 
m acrom olecules, which c o n s t i tu te  many substances occu rrin g  in  l iv in g  
systems and a lso  c o n s t i tu te  com m ercially sy n th esized  p la s t i c s  and re s in s  
The n a tu r a l ly  occu rring  macromolecules a re  in  g e n e ra l very  complex, and 
in v e s t ig a t io n  of the s t r u c tu r a l ly  sim ple po lye th y len es may provide to o ls  
f o r  u n ra v e llin g  more com plicated m olecu les. S y n th e tic  m acrom olecular . 
substances e x h ib it  a c e r ta in  amount o f random non -un ifo rm ity  o f s t ru c tu ré  
among in d iv id u a l m olecu les5 e .g .  long  chains may v ary  in  le n g th  and may 
branch d i f f e r e n t ly  from m olecule to  m olecule. The average s t ru c tu re  can 
to  some e x te n t  be c o n tro lle d  by the choice o f c a ta ly s t  and co n d itio n s  o f 
p o ly m eriza tio n .
I t  i s  o f p r a c t ic a l  im portance to  be ab le  to  measure th ese  
v a r ia t io n s  o f  s t ru c tu r e .  I t  i s  found in  the case o f p o lye thy lenes th a t  
those  p h y s ic a l p ro p e r t ie s  th a t  a re  o f p r a c t ic a l  im portance a re  g re a t ly  
in f lu e n c e d  by the e x te n t to  which a given sample w i l l  c r y s t a l l i z e .  This 
i s  in  tu rn  g re a t ly  in flu en ced  by such fa c to r s  as branching and chain  
le n g th . V arious fe a tu re s  o f the  in f ra re d  sp e c tra  o f p o ly e th y lenes have 
been used e m p iric a lly  as a means o f determ ining  such s t r u c tu r a l  p ro p e r t ié s
as p e rcen t c r y s t a l l i n i t y  and amount o f branching , although the d i r e c t  j 
p h y s ic a l r e l a t io n  betvreen s t ru c tu re  and spectrum  has no t been f u l ly  under-
I
jstood . I t  i s  d e s ira b le  to  have a th e o r e t ic a l  c o r re la t io n  o f spectrum and 
s t ru c tu re  in  o rder to  check the  v a l id i ty  o f th ese  em p irica l methods.
The v ib ra tio n  sp e c tra  o f po lye thy lenes and lo n g -ch a in  p a ra f f in s  
a re  o f i n t e r e s t  from the  th e o r e t ic a l  v iew point because of t h e i r  remark­
a b le  s im p lic i ty  fo r  such la rg e  m olecu les. This has suggested  th a t  normal 
v ib ra tio n s  and s e le c t io n  ru le s  fo r  these  compounds in  the c r y s ta l l in e  
s t a te  may be derived  by the methods used f o r  m olecu lar c r y s t a l s ,  but w ith  
th e  m o d ifica tio n  th a t  one methylene chain  passes through many u n i t  c e l l s  ► 
R esu lts  o f X-ray d i f f r a c t io n  experim ents confinn  t h i s ,  and show th a t  two 
chains pass through a u n i t  c e l l  and two m ethylene groups from each chain  
l i e  w ith in  the  c e l l .  A method u t i l i z in g  th e  c r y s ta l l in e  space group has 
been developed by Bhagavantam and Venkatarayudu^ and extended by H alford. 
H ornig,3 and Winston and H alfo rd .^  The symmetry o f the  u n i t  c e l l  i s  de­
sc r ib e d  by the f a c to r  group which i s  formed by th e  co se ts  o f th e  tr a n s ­
l a t io n  subgroup o f the space group. In  th e  p re se n t work t h i s  f a c to r  
group w i l l  be r e fe r r e d  to  as the u n i t  c e l l  group. H alford  has suggested  
an o th e r method, which uses the s i t e  group, a subgroup c o n ta in in g  element;; 
[which leav e  the c e n te r  o f  g ra v ity  o f a m olecule in v a r ia n t .  I t  i s  a
Bhagavantam and T. Venkatarayudu, Theory o f Groups and I t s  
A p p lica tio n  to  P h y sica l Problems (Bangalore C it]r; The Bangalore P re ss .
19^
% . S . H alfo rd , J .  Chem. Phys. 14, 8 (1946).
3d . F. H ornig, J .  Chem. Phys. 16, 1063 (1948).
________V*. Winston and R. S. Halford, J. Chem. Phys. 17, 60? (1949).
jsubgroup o f both  th e  space group and the m olecu lar p o in t group. Normal
I
|V ibrations and s e le c t io n  ru le s  are  derived  by assuming th a t  the  molecule 
Las th e  symmetry d esc rib ed  by the s i t e  group. This g ives a d e sc r ip tio n  
|of the in f ra re d  and Raman sp e c tra  which n e g le c ts  the e f f e c ts  caused by 
th e  presence of more than  one m olecule in  the  u n i t  c e l l .  The r e la t io n s  
between th e  s i t e  group and space group methods a re  d iscu ssed  by Winston 
and H alfo rd . Tobin^ has extended th e  work of Winston and H alford  so th a t  
i t  may cover chain  m olecules and t h e i r  c r y s t a l s • The symmetry o f a chain  
k o lecu le  in  extended c o n fig u ra tio n  i s  described  by a one-dim ensional 
space group, c a l le d  a l in e  group. There i s  th en  a f a c to r  group o f th e  
l in e  group which i s  analogous to  th e  u n it  c e l l  group. This s im p lif ic a t io n  
lis a convenience in  dete im in ing  th e  fundam entals o f  an i s o la te d  chain  
m olecu le , b u t i t  i s  n o t adequate f o r  ex p la in in g  the  sp e c tra  o f  c r y s ta ls  
o f chain  m olecu les. Being based on th e  assum ption o f extended configu­
r a t io n ,  the  l in e  group approxim ation i s  p robably  too  id e a l  to  t r e a t  chain  
m olecules in  the l iq u id  s t a t e ,  in  which the  m olecules a re  l i k e ly  to  be 
b en t o r c o ile d . S ince the  c r y s ta l  s t ru c tu re  o f methylene chains i s  f a i r
sim ple, i t  i s  q u ite  f e a s ib le  to  use th e  space group a n a ly s is .  Not much
la b o r  i s  saved by using  the  s i t e  group approach, and i t  w i l l  n o t be con-
I
's id ered  f u r th e r .  However, the l in e  group approxim ation w i l l  be used as 
|an approach to  th e  space group in te r p r e ta t io n  o f the  s p e c tra .
One o f the  po lye thy lenes s tu d ied  in  th e  p re se n t work, M arlex 
pO, has a h igh  m olecular w eigh t, l i t t l e  b ranching , and i s  h ig h ly  c r y s ta l ­
l i n e ,  being p robab ly  th e  most n e a r ly  id e a l  po lyethy lene (from th e
%. C. Tobin, J. Chem. Phys. 23, 891 (1955)
js tru c tu ra l  v iew poin t) so f a r  produced. The aims o f th e  p re se n t work
jhave been to  o b ta in  Raman d a ta  and improved in f ra re d  d a ta , to  a ss ig n  the
i
jfundamental freq u en c ies  o f the methylene ch a in , and to  in t e r p r e t  th e  
spectrum  o f M arlex 50 in  accordance w ith  what i s  understood o f i t s  s t r u c ­
tu r e .  I t  has been assumed th a t  the c r y s ta l l in e  p o rtio n s  o f Mai’le x  50 
e x h ib i t  on ly  the u n i t  c e l l  which was described  by Bunn.^
^C. Bunn, T rans. Faraday Soc. 35, 482 (1939)
CHAPTER I
PREVIOUS EXPERIMENTAL WORK
C ry s ta l S tru c tu re  of P o lyethy lenes 
and n -P a ra ff in s
U nit C e ll
In  the  s o l id  s t a t e ,  long  chain  n -p a ra f f in  m olecules have been 
found to  pack as  c y l in d r ic a l  ro d s .^  M uller^ f i r s t  determ ined the  u n i t  
t e l l  from X -ray d i f f r a c t io n  s tu d ie s  on Q2Sî 60* This u n i t  c e l l  has been 
found to  hold  f o r  many long  chain  compounds, though se v e ra l v a r ia n ts  
iiave been found. These a re  summarized by D aiiie l.^  Bunn^ found th a t  
the M uller u n i t  c e l l  was v a l id  fo r  p o ly e th y len e . This c e l l ,  d ep ic ted  in  
F igure 1 , i s  orthorhom bic w ith  ao = 7*40, bo = 4-93, and c© * 2.534 Ang­
strom  u n i t s .  The space group i s  Pnam o r Two methylene chains pass
through the  c e l l  and two methylene groups from each chain  l i e  w ith in  the  
c e l l .  The m olecular axes a re  p e rp en d icu la r to  the b a sa l p lane (001) o f 
the c e l l .  The fo u r  carbon atoms in  the c e l l  a re  lo c a te d  a t  (x , -y ,  1 /4 ) ,  
("X, y , 3 /4 ) ,  (-X t  1 /2 , - y  + l / 2 ,  3 /4 ) , (x  + 1 /2 , y  + 1 /2 , 1 /4 ) ,  where
^V. D an ie l, Adv. in  Phys. 2, 450 (1953)#
^A. M uller, P roc. Roy. Soc. (London) A, 120  ̂ 437 (1928) 
^D aniel, l o c . c i t .
A l . _ B u n n , j r r a n 8 ^ J E a r a d a y L 5 ^ )5 ^ i . _ J t 8 2 _ ( 1 9 3 R ) _ .___________________





F I G U R E  I.
o
X = 0.038 ao and y = 0.065 bo. The carbon-carbon bond le n g th  i s  1 .53  A,
j
and the angle between such bonds i s  112°. The p lan es o f the two carbon
I
dhains p ass in g  through the  u n i t  c e l l  make an angle o f  82° w ith  each
I
o th e r .
Degree o f C r y s ta l l in i ty  
The id e a l  po lye thy lene  m olecule i s  a normal p a ra f f in  m th  a 
chain  co n ta in in g  a t  l e a s t  one hundred and p re fe ra b ly  s e v e ra l hundred 
Icarbon atom s. A ctual po ly e th y len es a re  n o t homogeneous compounds; th e  
m olecules in  a given sample w i l l  n o t have a common m olecu lar vreight, b u t 
w i l l  spread over a range o f m olecu lar w eig h ts . The average m olecu lar 
|Weight can be ad ju s te d  by the  choice o f c a ta ly s t  and co n d itio n s  o f po ly­
m e riz a tio n , o r by subsequent tre a tm e n t. The a c tu a l  m olecules a re  no t 
|a l l  s t r a ig h t  ch a in s , bu t co n ta in  vary ing  amounts o f b ranch ing . The 
amount of branching in  a sample o f po lye thy lene  a lso  v a r ie s  w ith  ca ta ly s t, 
and co n d itio n s o f  p o ly m eriza tio n . A lso the  m olecules o f some p o ly e th y l­
ene s ,  such as M arlex 50> have a v in y l end group. O ther po lye th y len es 
co n ta in  double bonds a r b i t r a r i l y  d is t r ib u te d  along th e  chain  o r sh o r t 
branches ending in  a v in y l group.
A pure long  chain  normal p a r a f f in  w i l l  u su a lly  e x i s t  as a
j
c r y s ta l l in e  powder, bu t the la c k  o f u n ifo rm ity  o f p o lye thy lene  m olecules 
p rev en ts  them from becoming com pletely  o rd ered . There a re  reg io n s in  a 
po lye thy lene  sample where the  chains a re  w e ll o rd ered , i n  a c r y s ta l l in e
I
p h ase . Between these  reg io n s the  chains form a le s s  o rdered  amorphous
I
jphase. One chain  may pass through s e v e ra l  c r y s ta l l in e  and amorphous 
reg ions.. The_orys±alline_region5__are_foun(iJ:,o_mea8ure around 140 to
8
400 A f o r  v a rio u s  p o ly e th y len es . The p h y s ic a l p ro p e r t ie s  o f p o ly e th y l­
enes a re  found to  depend co n sid erab ly  on the  r e l a t iv e  amounts o f the 
c r y s ta l l in e  and amorphous phases#
S ev e ra l methods have been developed fo r  determ in ing  the  p e r­
c e n t c r y s t a l l i n i t y  o f p o ly e th y len es , based on X-ray d i f f r a c t io n ,  n u c lea r 
m agnetic resonance, o r the  in t e n s i t i e s  o f c e r ta in  in f ra re d  bands th a t  
seem to  be c h a r a c te r i s t ic  o f the c r y s ta l l in e  phase a lo n e . There appears
N
to  be a n eg a tiv e  c o r re la t io n  between branching and p e rcen t c r y s t a l l i n i t y  
The amount o f branching can be estim ated  from the  i n t e n s i t i e s  o f bands 
th a t  a re  c h a r a c te r i s t ic  o f  the  m ethyl groups.
The v a rio u s  methods in d ic a te  th a t  long  cha in  normal p a ra f f in s  
a re  alm ost com pletely  c r y s ta l l in e  and th a t  most p o ly e th y len es a re  be twee 
40 and 65% c r y s t a l l in e .  The M arlex p o ly e th y len es , developed by P h i l l ip s  
Petroleum  Company, have a very  low amount o f  branching and a re  found to  
be h ig h ly  c r y s t a l l in e .  For example, M arlex 50 i s  g e n e ra lly  about 93^ 
c r y s t a l l i n e #
Krimm and Tobalsky^ f in d  th a t  po lyethy lene  film s can be 
s t r e tc h e d  c a re fu l ly  to  a 500% in c re a se  over th e i r  o r ig in a l  le n g th . For
s t r e tc h  up to  20% the  s iz e  o f c r y s ta l l in e  volumes rem ain the  same. At
100% s t r e tc h  the  s iz e  o f c r y s t a l l i t e s  i s  reduced from about I 40 A to  IO4
A. Between 30 and 200% s t r e tc h ,  p re fe rre d  o r ie n ta t io n  o f the c r y s ta l l in e  
volumes was observed, w ith  the chain  axes in c l in e d  64° to  the  d ir e c t io n  
o f s t r e tc h .  Between 200 and 500% s t r e tc h  th e  chain axes g ra d u a lly  tu rn
% ugg. Sm ith, and Wartman, J .  Polyner S c i .  ^  1 (1953).
^S. Krimm and A. 7 . Tobalsky, J .  Polymer S c i .  7 , 57 (1951).
in to  p a ra l le lis m  w ith  the d ir e c t io n  o f s t r e tc h .  When the  polymer i s
II
■highly s tre tc h e d , the c ro ss  se c tio n  o f th e  c r y s ta l l in e  volumes i s  found 
|to be about 59 A#
I
The V ib ra tio n  S p ec tra  o f n -P a ra f f in s  
j G eneral F ea tu res
! The sp e c tra  o f isom eric forms o f a g iven p a ra f f in  d i f f e r  ap­
preciably,*^ bu t th e  sp e c tra  o f a s e r ie s  o f hydrocarbons o f s im ila r  s t ru c ­
tu re  show rem arkable u n ifo rm ity . E m p irica l c o r re la t io n s  have been made 
between v a rio u s  s t r u c tu r a l  fe a tu re s  and bands in  the in f ra re d  sp e c tra  o f 
hydrocarbons by C olthup ,^  by McMurry and T hornton,^ and in  s e v e ra l  paper:; 
by Sheppard, Simpson, and S u th erlan d .
The Raman S pectra  o f Normal P a ra ff in s  
I Much experim ental d i f f i c u l ty  i s  encountered in  a ttem p tin g  to
I 
I
|obtain  Raman sp e c tra  o f normal p a ra f f in s  in  th e  s o l id  s t a t e .  Mo Raman 
d a ta  have been ob ta ined  f o r  po lye thy lenes p rev ious to  th e  p re se n t work. 
However, Sim anouti and Mizushima have re p o rte d  d a ta  fo r  c r y s ta l l in e
*̂ C. 0. Ahonen, J .  Chem. Phys. 3 ^  625 (1946).
% . B. Colthup, J .  Opt. Soc. Am. 397 (1950).
% . L. McMurry and V. Thornton, A naly t. Chem. 24, 31^ (1952).
Sheppard, J .  Chem. Phys. 3^, 690 (1948).
Sheppard and G. B. B. M. S u th erlan d , P roc . Roy. Soc. 
(London) A, 19j^ 195 (1949).
M. Simpson and G. B. B. M. S u th erlan d , P roc. Roy. Soc. 
(London) 199, 169 (1949).
__________ ^3g. B. B. M. S u th erlan d  and D. M. Simpson. J .  Chem. Phys. 15,
153 (1947). ~
10
normal p a ra f f in s  from butane to  decane, dodecane, and c e ta n e .1 % T h e se  
d a ta  w i l l  be shown in  F igure 7 along w ith  some o f  the  d a ta  ob ta in ed  in
I
th e  p re se n t in v e s tig a tio n *
One s t r ik in g  fe a tu re  about the Raman spectrum  of a ty p ic a l  norf- 
mal p a r a f f in  i s  i t s  r e l a t iv e  com plexity in  the  l iq u id  s t a te  and s im p lic i 
i n  th e  s o l id  s t a t e .  The sp e c tra  o f the  homologous s e r ie s  in  th e  s o l id  
s ta te  show rem arkable r e g u la r i ty .  As the  cha in  le n g th  in c re a s e s , each 
band approaches a l im i t in g  frequency and, a f t e r  the f i r s t  few members o f 
th e  homologous s e r ie s ,  th e  sp e c tra  a re  found to  be e s s e n t ia l ly  independ* 
e n t o f chain  le n g th . F requencies o f th e  bands and o th e r d e ta i l s  o f the  
sp e c tra  w i l l  be given in  a l a t e r  c h a p te r .
The In f ra re d  S pectra  o f Normal P a ra f f in s
and P o lyethy lenes 
There a re  fo u r s tro n g  bands in  the in f r a r e d  sp e c tra  o f normal 
p a ra f f in s  th a t  appear in  th e  sp e c tra  o f a l l  compounds co n ta in in g  m ethylene 
ch a in s . Except f o r  the  s h o r te s t  c h a in s , these  bands a re  lo c a te d  n ea r 725 
cm"^, 1470 cm~^, 2845 cm“^ , and 2920 cm”^ . In  sh o r t  chain  p a ra f f in s  a 
band n ea r 1380 cm"^ i s  s tro n g , but i t  becomes r e l a t iv e ly  le s s  in te n se  
w ith  in c re a s in g  chain  le n g th .
The f i r s t  two o f th ese  bands a re  found to  be doub le ts  i n  th e  
s o l id  s t a t e ,  w ith  peaks n ea r 720, 730, 1463> and 1473 cm"^. In  th e  
l iq u id  s t a t e  the h igher frequency components d isap p ear in  both  c a se s . 
iThis phenomenon w i l l  be d iscu ssed  in  g re a te r  d e ta i l  l a t e r .  There a re  
many weak bands between 750 cm"^ and I 4OO cm“^ . In  th e  l iq u id  s t a te
^ ^ r ’Simanouti and s .  Mizushima, J. uhem. Phys. 17  ̂ 1102 (1949'
11
most o f them axe broad and alm ost id e n t ic a l  in  d i f f e r e n t  compounds* In  
jthe s o l id  s t a te  the bands a re  sh arp e r and more c h a r a c te r i s t ic  o f th e  in d i  
jVidual compounds. Two s p e c t r a l  reg io n s a re  worthy o f d isc u ss io n : th a t
|between 1300 and 1380 cm“l  and th a t  between 1180 and 1300 cm"" .̂
Five bands a re  found between 1300 and 1380 cm”l  in  normal p a ra f  
f i n s .  Four of th e s e , n ear 1305, 1340, 1353, and 1368 cm"^, a re  g re a t ly  
enhanced in  the l iq u id  s t a t e .  .The l a s t  th re e  d isappear alm ost com pletely  
in  the s o l id  s t a te  (1340 appears in  some p a ra f f in s  having odd chain  
le n g th ) .  The 1340 cm""  ̂ band i s  no t observed in  p a ra f f in s  w ith  lo n g er 
ciiains than  C24H50 and th e  I 368 band i s  n o t found in  p a ra f f in s  s h o r te r  
than  In  p o ly e th y len es th e se  bands (excep t 1340) appear very
d i s t i n c t l y  in  th e  s o l id  s t a te  bu t a re  s tro n g e r  in  th e  l iq u id  s ta te
The in t e n s i ty  o f  the  1378 cm~^ band does n o t d i f f e r  m arkedly 
between phases. I t s  r e l a t iv e  in te n s i ty  decreases w ith  chain  le n g th , and 
i t  i s  much le s s  prom inent in  po ly e th y len es th an  in  p a r a f f in s .  This i s  
c o n s is te n t w ith  i t s  in te r p r e ta t io n  as  a m ethyl group fundam ental. In  
imany e a r ly  s tu d ie s  o f po lye thy lene  th i s  band was no t re so lv ed  from i t s  
neighbors and th e  ab so rp tio n  o f th e  e n t i r e  reg io n  was used to  determ ine 
methyl c o n te n t. The behav ior described  above, re p o rte d  by Rugg, Sm ith, 
and Wartman^7 ĝ nd a ls o  observed in  the  p re se n t work, in d ic a te s  th a t  th i s  
i s  th e  only band in  th e  reg io n  considered  th a t  i s  a s s o c ia te d  w ith  the
I  ^^American Petroleum  I n s t i t u t e  R esearch P ro je c t  44, C atalog o f
^Selected In f ra re d  A bsorption Spectrogram s, (W ashington; N ational Bureau 
o f  S tan d a rd s).
I
' ^% ugg. Sm ith, and Wartman, J .  Polymer S c i .  1 (1953) #
  ------- ^ 7 L 0 X#_s d t * _____________________________________________________________________________________________
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È e th y l group and th a t  the o th e rs  a re  due to  m ethylene v ib ra t io n s .  This i 
■is supported  by the  f a c t  th a t  Pim entel and Elemperer^^ found a band a t  
11362 cm“"  ̂ in  the spectrum  of n -o c ta n e - l , l , l ,8 ,8 ,8 -d £ ^ .
In  the c r y s ta l l in e  s t a t e ,  substances co n ta in in g  long m ethylene 
chains have a sequence o f sharp  bands between 1180 and 1300 cm”^ . The 
number and se p a ra tio n  of th ese  bands appear to  depend on chain  length*
The sequence i s  very  weak in  n -p a ra f f in s  bu t i s  q u ite  pronounced in  cha in  
m olecules w ith  p o la r  end groups. The sequence has been observed by 
S in c la i r ,  McKay, and Jones^9 i n  f a t t y  a c id s  and r e la te d  compounds con­
ta in in g  chains o f 10 to  19 methylene groups, and by Giinthard, Heinemann, 
and P relog^^ in  d ike tones and e s te r s  o f d ica rb o x y lic  ac id s  co n ta in in g  
chains o f I 4 , 18, 22, 24, 34, and 42 methylene groups. Jo n es , McKay, 
and S in c la i r  rep o rted  only  th re e  bands fo r  la u r ic  a c id , between 1195 and 
1240 cm“^ . There was a re g u la r  in c rease  in  number u n t i l  heneicosano ic  
a c id , f o r  which th ey  found n ine bands between 1185 and 1314 cm"^. In  
sp e c tra  o f  dim ethyl e s te r s  o f lo n g -ch a in  d ica rb o x y lic  a c id s  iivith chain  
len g th s  o f 18, 22, 24, 34, and 42 carbon atom s, Günthard, Heinemann, and 
P re log  found 6, 6, 8 , 10, and 11 bands in  th e  s e r i e s .  They determ ined 
th e  average wave number d if fe re n c e  between the  bands. From th e i r  f ig u re à  
i t  can be seen th a t  th e  p roduct o f the number of carbon atoms in  the  
ch a in  and the  band se p a ra tio n  in  cm“l  has a n e a r ly  co n s tan t v a lu e , namely
C. P im entel and W. A. Klemperer, J .  Chem. Phys. 23, 376
(1955). ~
^ 9 s in c la i r ,  McKay, and Jones, J .  Am. Chem. Soc. 74, 2575 (1952). 
^^Günthard, Heinemann, and P re lo g , Helv. Chim. A cta 36, 1147
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between 653 and 660# They p lo t te d  band se p a ra tio n  versus ch a in  le n g th  f o r  
t h e i r  d a ta  on d ic a rb o ay lic  a c id  e s t e r s ,  and a ls o  fo r  the  a c id s  s tu d ie d  by 
Jo n es , McKay, and S in c la i r .  The d a ta  fo r  th e  monocarboxylic a c id s  l i e  on 
a d i f f e r e n t ,  low er, curve than  those  fo r  d ica rb o x y lic  a c id s .  This in d i ­
c a te s  th a t  the  p roduct o f  band se p a ra tio n  and chain  le n g th  m ight be a  con­
s t a n t ,  bu t o f  sm alle r magnitude th an  in  th e  case o f d ica rb o x y lic  a c id s .
1 Jones, McKay, and S in c la i r  f in d  th a t  the  p o s i t io n s ,  w id th s ,
and r e l a t iv e  i n t e n s i t i e s  a re  n o t tem perature dependent. This i s  c i te d  
by Prim as and G Ü nthard^ as evidence th a t  th ese  bands a re  due to  funda—
i
m ental v ib ra t io n s .  The d a ta  o f  Jones, McKay, and S in c la i r  in d ic a te  t h a t
i
th e  c h a ra c te r  and in te n s i ty  o f th e  s e r ie s  i s  m odified  by th e  n a tu re  o f
j
th e  end group. Hexadecanol and octadecano l show evidence o f  two o v er-
! i
lap p in g  s e r i e s .  The c h a r a c te r i s t ic  appearance o f th e  sequence i s  l o s t  
I  ;
i n  9 ,1 0 ,1 2 ,1 3 -te tra b ro m o s te a r ic  a c id  but th e  bands a re  c le a r  and sharp
i n  2 -b rom ostearic  a c id .  In  s o l id  film s o f o le ic ,  l i n o l e i c ,  and l in o le n ic
a c id s  th e  spacings and in t e n s i t i e s  a re  i r r e g u la r .  These a c id s  have a
double bond o f c is  c o n fig u ra tio n  n ea r the  c e n te r  o f  th e  c h a in . I n  e la id ic
a c id  th e  double bond has tr a n s  c o n fig u ra tio n ; and th e  spectrum  c lo s e ly
resem bles th a t  o f a s a tu ra te d  a c id  o f s h o r te r  chain  le n g th , as  i f  th e  two
segments on each s id e  o f th a  double bond behave as independent u n i t s .
P o la r iz a tio n  o f th e  In f ra re d  Spectrum 
Polyethylene film s o r ie n te d  by s t r e tc h in g  were s tu d ie d  w ith  
p o la r iz e d  in f ra re d  ra d ia t io n  by E l l i o t t ,  Ambrose, and T e m p le ,^  by
Primas and H. H. Gunthard, Helv. Chim. Acta 1659 (1953) * 
__________ ? ? B y d o 'y i,^ ^ b ro se , and Temple, J .  Chem. Phys. 16, 877 (1948).
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S u th erlan d  and Jo n es ,^3 and by Rugg and oo-worJcers.24,25 The fo u r s tro n g
i
bands were a l l  found to  be p o la r iz e d  p erp en d icu la r to  th e  d ire c tio n  o f  | 
s t r e tc h ,  i . e . ,  to  the chain  a x is .  Ferguson^^ has found th a t  t h e i r  d i -  
ch ro ic  r a t io s  d i f f e r  somewhat. The bands a t  1368 and 1352 a re  p o la r iz e d  
p a r a l l e l  to  the chain  a x is ,  w hile the band a t  1378 cm“^ does no t appear 
to  be p o la r iz e d . The band near 1305 cm“l  p o ss ib ly  i s  s l ig h t ly  p o la r iz e d  
p a r a l l e l  to  the  d ir e c t io n  o f the chain  a x is .
With a r e f l e c t in g  in f ra re d  m icroscope. Cole and Jones^? ob ta ined  
the spectrum  o f a s in g le  c r y s ta l  o f e ico san o ic  a c id , viewed approxim ately  
p a r a l l e l  to  the chain  ax es. Exam ination w ith  p o la r iz e d  ra d ia t io n  showed 
th a t  th e  tivo components o f  the 725 cm~l doub le t were alm ost com pletely  
p o la r iz e d  p e rp en d icu la r to  each o th e r . The sequence o f bands between 
1180 and 1300 cm" l̂ was found to  be p o la r iz e d  in  the same way as the 720 
cm“^ component©
From the spectrum  o f many s in g le  c r y s ta ls  o f n-C^^Hy/^ s im i la r ly  
o r ie n te d  on a rock  s a l t  p la t e ,  Krimm^^ a lso  found the two components o f 
the  725 cm*“̂  doub let to  be p o la r iz e d  p e rp en d icu la r to  each o th e r and to  
the cha in  axes. He found s im ila r  c h a r a c te r i s t ic s  fo r  th e  1470 cm"*̂  
d o u b le t.
B. B. M. S u th erlan d  and A. V. Jones, Nature 160, 567 (1947). 
^R ugg, Sm ith, and A tkinson, J .  Polymer S c i. 9 , 579 (1952). 
^% ugg. Sm ith, and Wartman, J .  Polymer S c i. 11, 1 (1953).
E . Ferguson, p r iv a te  communication.
27a. R- H. Cole and R. N. Jones, J .  Opt. Soc. Am. k2, 348 (1952). 
Krimm, J .  Chem. Phys. 22, 567 (1954)._____________________
15
E ffe c ts  o f De A lteration 
S u th erlan d  and c o - w o r k e r $29,30 have ob tained  th e  in f ra re d  spec­
trum o f a d eu te ra ted  n -p a ra f f in .  They re p o r t  th a t  is o to p ic  s h i f t s  show 
the  bands n ear 725 and 1470 cm“l  to  be due alm ost e n t i r e ly  to  m otion o f 
hydrogen atom s.
Pim entel and Xelmperer^^ ob ta ined  the  in f ra re d  spectrum of 
CD^-(CH2) 6"0D^. Though th e re  i s  both m ethyl and methylene ab so rp tio n  in  
th e  1470 cm~l re g io n , they  found is o to p ic  s h i f t s  which in d ic a te d  no in t e r ­
a c tio n  between end group and chain  fre q u e n c ie s . They found much evidence 
fo r  both  m ethyl and methylene freq u en c ies  in  th e  1370 cm*”̂  re g io n . There 
was a band a t  1362 cm*"l in  th e  d eu te ra ted  compound. They in te rp re te d  
o th e r , weaker bands as being  due to  m ethyl, m ethylene, o r mixed m ethyl 
and methylene m otion.
S p l i t t in g  o f In f ra re d  Bands 
As f i r s t  observed by Thompson and T ork ing ton ,32 the  band n ear 
725 cm"^ in  po lyethy lene i s  a doub le t in  the  s o l id  s t a t e ,  w ith  peaks neaij* 
720 cm”^ and 730 cm"* .̂ As the  tem perature  i s  r a is e d ,  th e  730 cm"l com­
ponent decreases in  in te n s i ty  u n t i l  i t  d isap p ears  a t  th e  m e ltin g  p o in t .
In  the  l iq u id  s t a t e  only the  720 cm"^ component p e r s i s t s ,  somewhat
Sheppard and G. B. B. M. S u th erlan d , Nature 1595 739 (194' 
I 30^. s .  S te in  and G. B. B. M. S u th erlan d , J .  Chem. Phys. 22,
1993 (1954).
I C. P im entel and W. A. Klemperer, J .  Chem. Phys. 23, 376
(1955). “




broadened. A ttem pts have been made to  c o r re la te  the phenomenon w ith  the 
e x te n t o f c r y s t a l l i n i t y  in  the  s o lid  s t a t e . 33 Many workers have in v e s t i  
gated  the e f fe c ts  of h e a tin g , co o lin g , and cold  drawing on the  behavior 
o f  the d o u b le t.34J35,36  ^ thorough in v e s t ig a t io n  o f i t s  n a tu re  has been
re p o rte d  by S te in  and S u th e r la n d ,37 and q u a l i ta t iv e  th e o r e t ic a l  c a lc u la ­
t io n s  have been made by S t e in .3^ S te in  and S u therland  ob ta ined  the  in  te  
g ra te d  e x tin c tio n  c o e f f ic ie n ts  o f the two components and p lo t te d  t h e i r  
r a t i o  as a fu n c tio n  o f tem p era tu re . They found th i s  to  c o r re la te  w ith  
a p lo t  o f  c r y s t a l l i n i t y  as a fu n c tio n  o f  tem perature made by R i c h a r d s . 3 9  
Previous in te rp re ta t io n s  assumed the  two components to  be independent, 
one being c h a r a c te r i s t ic  o f the  c r y s ta l l in e  phase and the o th e r o f th e
amorphous phase. S te in  and S u th erlan d  concluded th a t ,  though the  730 
—1cm component was a sso c ia te d  e n t i r e ly  w ith  the c r y s ta l l in e  phase, both 
phases co n tr ib u ted  to  th e  720 cm"^ component. In  po lye thy lenes th e  720 
cm“l  component was s tro n g e r bu t th e  d if fe re n c e  was le s s  fo r  more c r y s ta l  
l i n e  sam ples. In  sp e c tra  o f pure c r y s ta l l in e  n -p a ra f f in s ,  they  found th s  
i n t e n s i t i e s  to  be e s s e n t ia l ly  eq u a l. I n  p a ra f f in s  the 730 cm“^ component 
d isappears  a few degrees below the m e ltin g  p o in t .  The in te n s i ty  v a r i a t i 3n
3 % l l i o t t ,  Ambrose, and Temple, J. Chem. Phys. 877 (1948). 
34King, H ainer, and McMahon, J. Appl. Phys. 20, 559 ( I 949) .  
3 ^ .  Robert and J. Favre, Compt. rend . 234, 2270 (1952). 
3 ^ u g g , Sm ith, and A tkinson, J. Polymer S c i. 9, 579 (1952). 
^7r. s . S te in  and G. B. B. M. S u th erlan d , J. Chem. Phys. 22,
1993 (1954). ~
3%. s .  S te in , J .  Chem. Phys. 23, 734 (1955).
--------------------------^ . - ^ - j a L c h a r d s . , _ J ‘. _ A p p l . _ C h e i i i . ^ _________________________
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)was found to  be com pletely  re v e rs ib le  w ith  re sp e c t to  tem pera tu re . There 
[was no frequency  s h i f t  w ith  tem pera tu re , except when the samples were 
cooled to  w ith in  10° of l iq u id  n itro g e n  tem pera tu re . The 730 cm“^ com- 
iponent was th en  observed to  become ap p rec iab ly  sh arp er and to  s h i f t  about 
3 cm“l  toward h ig h er fre q u e n c ie s . The o th e r component ex h ib ite d  a s im ila r  
b u t sm a lle r s h i f t  o f about 0 .5  cm*“l  and remained d if fu s e .
S te in  and S u th erlan d  compared the tem peratu res a t  which the  
730 cm“l  component d isappeared  in  v a rio u s  p a ra f f in s  w ith  the tem peratures 
a t  which M iiller^^ observed d iscon tinuous changes in  the  X -ray d i f f r a c t io n  
p a tte rn s  o f th ese  c r y s t a l s .  They found th a t  p a ra f f in s  norm ally l iq u id  
a t  room tem p era tu re , when cooled to  l iq u id  n itro g e n  tem peratu re , in  most 
cases e x h ib i t  s p l i t t i n g  of the  725 cm""  ̂ band, bu t no t always in  th e  same 
sim ple manner. The frequency of th e  component c h a r a c te r i s t ic  o f th e  
c r y s ta l l in e  phase v a r ie d  from 728 to  737 cm~l, and in  some cases th e re  
were th re e  components o f th e  band.
S te in  and S u th erlan d  observed th a t  th e  band near 1470 cm""  ̂ a lsq  
becomes a d o ub le t in  th e  c r y s ta l l in e  phase, having two peaks n ea r 1464 
cm"^ and 1473 cm"^. When th e  p a ra f f in s  a re  m elted  these  peaks a re  r e ­
p laced  by a  s in g le  b roader peak cen te red  near 1466 cm*" .̂ They ob ta ined  
th e  spectrum  o f a com pletely  d e u te ra te d  p a ra f f in  and found th a t  th e  f r e ­
quencies o f the  two doub le ts and a ls o  th e i r  se p a ra tio n s  changed by a 
f a c to r  I / / 2 , g iv in g  peaks a t  518 cm“^ , 524 cm”l ,  1086 cm“^ , and 1093 cm”|  
This in d ic a te d  th a t  th ese  bands a r i s e  from v ib ra tio n s  due alm ost e n t i r e ly
^0^. M uller, P roc . Roy. Soc. (London) A, 120, 437 (1928): 1275 
417 (1930) ;  138, 514 (1932); 154, 624 (1936); 158, 403 (1937) ; 166] 316 
(1938); 174 , 137 (1940); 178. 227 (19/*1).________________________________
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to  v ib ra tio n  of hydrogen atom s, and th a t  no in te ra c t io n s  w ith  s k e le ta l  
o r l a t t i c e  modes are in v o lv ed .
From o b serv a tio n s w ith  p o la r iz e d  r a d ia t io n  on o rie n te d  poly­
e th y len e  f i lm s , Rugg, Sm ith, and A tk in s o n ^  found both components o f 
the  bands n ea r 725 and 1470 cm~^ to  be p o la r iz e d  p erp en d icu la r to  the 
cha in  a x is .  O bservations on s in g le  c ry s ta ls  have shown the two components 
o f a band to  be p o la r iz e d  p e rp en d icu la r to  each o th e r . This was observed 
f o r  the  725 cm“^ band i n  e ico san o ic  a c id  by Cole and J o n e s ^  and fo r  botJ 
the  725 cm"^ band and th e  1470 cm"^ band in  by Krimm.
Rugg, Smith and Atlcinson found th a t  when a film  o f po lyethy lene  
i s  s t r e tc h e d , the in t e n s i ty  o f the  730 cm”^ component decreases w ith  r e ­
sp e c t to  th a t  o f the  720 cm"^ component. S te in  and S u therland  re p o rte d  
th a t  the  r a t i o  o f e x tin c t io n  c o e f f ic ie n ts  i s  0 .7  fo r  an u n s tre tc h e d  po ly­
e th y len e  f i lm  and 0 .4  when the  f ilm  i s  s t r e tc h e d . They a ls o  observed 
th a t  in  the s tre tc h e d  s t a t e  th e  730 cm"^ component i s  p o la r iz e d  to  a mucii 
g r e a te r  e x te n t than  th e  720 cm“^ component. When th e  s tre tc h e d  f ilm  was 
annealed  a t  th e  m eltin g  p o in t (w ithou t being h e ld  in  the  s tre tc h e d  p o s i ' 
t i o n ) ,  th e  in t e n s i ty  r a t i o  was re s to re d  to  i t s  o r ig in a l  v a lu e . Rugg, 
Sm ith, and Wartman44 found th a t ,  w hile th e  720 cm"^ component rem ained 
p o la r iz e d  p e rp en d icu la r to  th e  d ir e c t io n  o f  s t r e tc h ,  the  730 cm“^ com­
ponent became p o la r iz e d  p a r a l l e l  to  th i s  d ir e c t io n .  X-ray in v e s t ig a t io n s
^R u g g , Sm ith, and A tkinson, J .  Polymer S c i .  9, 579 (1932).
^^A. R. H. Cole and R. N. Jones, J .  Opt. Soc. Am. 348 (1952) 
4 3s. Krimm, J .  Chem. Phys. 22, 567 (1954).
^R u g g , Sm ith, and Wartman, J .  Polymer S c i .  32, 1 (1953).
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re p o rte d  by Krim5^5 showed th a t  o r ie n te d  p o ly e th y len e , when annealed , 
r e o r ie n ts  i t s e l f  w ith  th e  chains p e rp en d icu la r to  the  d ir e c t io n  in  which 
the  f ilm  had been s t r e tc h e d .
Two m ethylene chains pass through the accep ted  c ry s ta llo g ra p h ic  
u n i t  c e l l  (F igure 1 ) ,  and corresponding  normal v ib ra tio n s  o f th ese  two 
chains may occur e i th e r  in  phase w ith  each o th e r o r 180° ou t o f  phase» 
S te in ^^  has attem pted  to  e x p la in  th e  s p l i t t i n g  as due to  th e  in te r a c t io n  
o f n e a re s t-n e ig h b o r hydrogen atoms o f the two chains when th ey  a re  v i ­
b ra t in g  in  phase o r ou t o f phase . His q u a l i ta t iv e  c a lc u la tio n s  show 
th a t  fo r  th e  725 cm"l band the o u t-o f-p h ase  component should be a t  a f r e ­
quency s l i g h t ly  h ig h er th an  the frequency  fo r  a s in g le  ch a in , and th a t  
th e  in -p h ase  component shou ld  be a t  a co n sid erab ly  h igher frequency»
The low er, o u t-o f-p h ase  frequency  should be p o la r iz e d  p a r a l l e l  to  the  b 
a x is  o f the c r y s ta l  and th e  h ig h e r , in -p h ase  frequency  should be p o la r­
iz e d  p a r a l l e l  to  the  a a x is  o f the  c r y s ta l .  This i s  in  agreement w ith  
the  o b serv a tio n s o f Krimm. S t e in ’s trea tm en t when ap p lied  to  th e  band 
n ea r 1470 cm"l in d ic a te s ,  on the o th e r  hand, th a t  th e  lower frequency  com­
ponent should  be due to  th e  in -p h ase  v ib ra t io n  and should  be p o la r iz e d  
p a r a l l e l  to  th e  a ax is»  This i s  n o t in  agreement w ith  the  o b serv a tio n s  
o f  Kri mm, who observed opposite  p o la r iz a t io n  behav io r in  n-C^^Hy/^. S te in  
a t t r i b u te s  th i s  d if fe re n c e  to  the m odified  u n i t  c e l l  th a t  was found fo r  
n-C^6H74f ^  which the cha in  axes a re  s l ig h t ly  in c l in e d  w ith  re s p e c t to  
the  b a sa l p lane o f th e  c e ll»
^5$. Krijnm, J .  Chem. Phys. 22, 56? (1954).
S . S te in ,  J .  Chem. Phys. 23, 734 (1955).
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S te in * s eq u a tio n s  show the  se p a ra tio n  to  be p ro p o rtio n a l to  the 
frequency, thus in d ic a t in g  th a t  is o to p ic  s u b s t i tu t io n  should change th e  | 
s e p a ra tio n  by the same f a c to r  th a t  i t  changes the freq u en c ie s . This i s  j 
lin agreem ent w ith  th e  r e s u l t s  o f S te in  and S u therland  fo r  a deu te ra te d  j 
p a r a f f in .  The fo rce  c o n s ta n t o f in te r a c t io n  depends on the d is tan ce  be- 
tvreen th e  c h a in s . The frequency s h i f t s  o f the  components o f the  band 
•when th e  sample i s  n ear l iq u id  n itro g e n  tem perature can then  be accounted 
fo r  by c o n tra c tio n  of the  l a t t i c e .  S te in ’s equations p re d ic t  th a t  the 
730 cm“*l component should be co n sid erab ly  more tem perature dependent th an  
th e  720 cm""  ̂ component. At the t r a n s i t io n  tem perature of p a ra f f in s ,  a 
f iv e  to  te n  p e rcen t in c re a s e  in  one dimension of the  u n it  c e l l  decreases 
th e  in te r a c t io n  fo rce  c o n s ta n t so th a t  the  s p l i t t i n g  becomes n e g lig ib le .
R o ta tio n a l Isomerism 
The g re a te r  com plexity  o f the Raman spectrum o f a normal p a ra f­
f i n  in  th e  l iq u id  s t a te  compared to  th a t  in  th e  s o l id  s t a te  can be ex­
p la in e d  by r o ta t io n a l  isom erism . This was f i r s t  suggested  by Kohlrausch 
and Kdppl.^7 in te r n a l  r o ta t io n  may occur about carbon-carbon bonds, 
producing many d i f f e r e n t  co n fig u ra tio n s  o f th e  ch a in , such as th e  c i s ,  
t r a n s , and gauche c o n fig u ra tio n s  o f butane. These v ario u s co n fig u ra tio n s  
d i f f e r  in  s t a b i l i t y .  In  th e  s o l id  s t a te  one form i s  predom inantly s ta b le .  
Evidence in d ic a te s  th a t  t h i s  i s  the  p la n a r extended foimi.^^^49 At higher
W. F . Kohlrausch and F . Kdppl, Z. physik . Chem. B. 2§j
209 (1934).
4 % , M uller, P ro c . Roy. Soc. (London) A, 120, 437 (1928). 
_________ J .  Rosenbaum, J .  Chem, Phys. 9 , 295 (1941).
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jtem peratures o th e r forms become s u f f ic ie n t ly  s ta b le  in  the  l iq u id  s ta te  
so th a t  enough o f the  sample assumes these  o th e r forms to  make th e i r  
sp e c tra  o b serv ab le . By observ ing  th e  Raman spectrum  o f n-butane over a 
tem perature range, S zasz , Sheppard, and Rank have made assignm ents o f 
bands to  two isom eric  forms and have a r r iv e d  a t  a value f o r  th e  energy 
d if fe re n c e  between them .^^ Mizushima and Sim anouti have done s im ila r  
work w ith  n -p en tan e .
(1949).
^% zasz , Sheppard, and Rank, J .  Chem. Phys. 3 ^  704 (1948). 




C a lc u la tio n  o f Methylene Chain F requencies 
I t  i s  r e l a t i v e l y  easy  to  determ ine and in t e r p r e t  bands due to  
end groups and s u b s t i tu e n ts  in  compounds co n ta in in g  m ethylene ch a in s , 
b u t p ro g ress  a t  in te r p r e ta t io n  o f the  bands c h a r a c te r i s t ic  o f the  chain  
i t s e l f  has been slow . This i s  due i n  p a r t  to  the la rg e  number o f  pos­
s ib le  normal v ib ra tio n s  o f th e  ch a in . This number in c re a s e s  vfith chain  
le n g th , bu t in  g en e ra l th e  number o f observed bands decreases w ith  in ­
c re a s in g  chain  le n g th . The v ib ra tio n s  o f the  chain  can be d iv id ed  in to  
hree c a te g o r ie s :  (1) those  p r im a r ily  due to  s t r e tc h in g  o f the  C-H
bonds, (2 ) those p r im a r ily  due to  changes o f  C-C-H and H-C-H an g le s , and 
(3) those  p r im a r ily  due to  deform ations o f the  carbon sk e le to n . The 
bands due to  v ib ra tio n s  o f th e  f i r s t  ca teg o ry  occur in  a reg io n  se p a ra te  
from th a t  o f th e  o th e rs . The in f r a re d -a c t iv e  C-H s t r e tc h in g  freq u en c ie s  
o f hydrocarbons have been s tu d ie d  by Fox and M artin .^  There i s  overlap ­
p ing  o f the reg io n s  occupied by the  freq u en c ie s  c h a r a c te r i s t ic  o f  th e  
o th e r  two c a te g o rie s  of v ib ra t io n .  S e v e ra l workers have a ttem pted  to  
u n rav e l th e se  reg io n s  w ith  the  a id  o f th e o r e t ic a l  c a lc u la t io n s .  E a r l i e r  
workers a ttem pted  to  c a lc u la te  the  freq u en c ie s  due to  s k e le ta l  deform ations




and n eg lec ted  e n t i r e ly  the motions of the hydrogen atom s. The symmetry 
coord inate  method o f W ilson^ opened the  way fo r  in te rp re ta t io n  and c a l­
c u la t io n  o f  fundam entals due to  v ib ra tio n  o f hydrogen atom s.
The assum ptions and methods o f the vario u s th e o r e t ic a l  t r e a t ­
ments w i l l  now be summarized, and th i s  w i l l  be follow ed by a d iscu ss io n  
o f the  p re se n t s i tu a t io n  w ith  regard  to  the in te r p r e ta t io n  of hydrocarbon 
s p e c tra .
I t  has been observed th a t  many s u b s t i tu e n ts ,  when in tro d u ced  
in to  the  end group of a hydrocarbon ch a in , w i l l  give r i s e  to  a few char­
a c t e r i s t i c  bands w ithou t ap p rec iab ly  a l t e r in g  the  o r ig in a l  spectrum  of 
the hydrocarbon. However, some s u b s ti tu e n ts  show no c h a r a c te r i s t ic  f r e ­
quency and do ap p rec iab ly  a l t e r  the o r ig in a l  spectrum . This le d  B ar- 
tholome and T e lle r^  to  a ttem p t c a lc u la t io n  o f the n a tu ra l  freq u en c ies  
o f a methylene ch a in . They used a g r e a t ly  s im p lif ie d  model and made the 
fo llow ing  assum ptions:
1 . The fo rc e s  which appear w ith  th e  d isplacem ent o f atoms 
from th e i r  eq u ilib riu m  p o s it io n s  are  assumed to  be sim ple harm onic.
2 . The p o te n t ia l  energy o f an atom i s  assumed to  depend only  
on th e  p o s itio n s  o f  atoms th a t  a re  bound to  i t  by valence bonds. The 
ang les in  the  cha in  a re  tak en  to  be te t r a h e d ra l  an g le s . Nothing i s  a s­
sumed concerning th e  s p a t i a l  p o s i t io n .
3 . Groups such as CH^-, -CH2- ,  -OH, e t c . ,  a re  t r e a te d  as mass 
p o in ts  having the masses o f th e  groups.
B. W ilson, J r . ,  J .  Chem. Phys. 7 , 1047 (1939)5 9 , 76 (1941) 
% . Bartholome and E . T e lle r ,  Z. physik . Chem. B. 366 (193^0*
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Bartholome and T e lle r  showed th a t  th e re  i s  a frequency range, 
o u ts id e  o f which v ib ra tio n s  do n o t p ropagate a long  the chain  bu t decay 
e x p o n e n tia lly  along i t .  V/hen the v ib ra tio n s  w i l l  n o t propagate along 
the  ch a in , end group freq u en c ies  appear in  the spectrum ; o therw ise the 
o r ig in a l  spectrum  i s  a l te r e d  only s l ig h t ly .  For a hydrocarbon chain  
considered  to  c o n s is t  e n t i r e ly  of m ethylene groups th ey  found th i s  range 
to  be from 836 to  I I 83 cm"" .̂ Yfithin t h i s  frequency range, sp ec tro sco p ic  
d a ta  o f te n  show more bands th an  a re  expected  from the  model. The con­
s tan cy  o f th e  c h a r a c te r i s t ic  freq u en c ie s  and in  a few cases t h e i r  sm all 
s h i f t  i s  reproduced by th e  th e o ry . G reat d e v ia tio n s  occur only in  the  
case o f d e r iv a tiv e s  o f m ethane. An a n a ly s is  of m ethylene chain  frequen­
c ie s  based on s im ila r  assum ptions was made by B a rrio l.^ > 5
Parodi^  con tinued  the  c a lc u la tio n s  o f Bartholome and T e l le r  
i n  o rder to  compare th e  r e s u l t s  w ith  more re c e n t experim en ta l d a ta . He 
took in to  account th e  f a c t  th a t  th e  end groups have d i f f e r e n t  masses 
from th e  m ethylene groups and found the  l im it in g  freq u en c ies  o f s k e le ta l  
v ib ra tio n s  to  be 1060 and 755 cm“^ .
Kassel^ attem pted  to  co n sid e r the  in te r a c t io n  o f v ib ra tio n  
w ith  in te r n a l  r o ta t io n  about th e  G-C bonds, which i s  r e l a t iv e ly  la rg e  
fo r  chains of fo u r  o r more carbon atoms due to  th e  change of shape o f 
th e  carbon sk e le to n . He n eg lec ted  hydrogen atom s, t r e a te d  only  s t a te s
(1947).
^ J .  B a r r io l ,  J .  phys. e t  Radium ID, 215 (1939).
^J . B a r r io l  and J .  C hapelle , J .  phys. e t  Radium (S e r. 8 ) 8 , 8
% . P a ro d i, J .  phys. e t  Radium 2, 5S (1941)#
-ZL^--S^.Kaasel, J .  Chem. Phys* 3, 326 (1935)-.___________________
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in  which the t o t a l  an g u la r momentum of the  m olecule i s  zero , and used 
the  s im p lest p o ss ib le  va lence fo rce  p o te n t ia l .  With these  assum ptions 
he s e t  up th e  H am iltonian fo r  the chain  and so lved  the wave equation  
n u m erica lly . His r e s u l t s  in d ic a te  th a t  the  p la n a r co n fig u ra tio n  i s  o f 
o u ts tan d in g  im portance.
Kirkwood^ t r e a te d  p a r a f f in ic  hydrocarbons in  extended configu ra  
t io n  as segments of i n f i n i t e  ch a in s , and a p p lie d  the  Born-Karman p e rio ­
d i c i t y  co n d itio n  fo r  c r y s t a l s .  In te ra c t io n s  between C-H v ib ra tio n s  and 
s k e le ta l  v ib ra tio n s  were n e g le c te d . The so lu tio n s  obtained  a re  only  
a sy m p to tic a lly  v a l id ;  b u t "not too  crude an approxim ation" was ob ta ined  
fo r  m olecules as sh o r t a s  propane, a f a c t  which le d  him to  th in k  th a t  
the  method m ight serve as  a f i r s t  s te p  in  a p rocess of su ccessiv e  ap­
prox im ation .
P i tz e r ,^  l ik e  Kirkwood, sep a ra ted  the  m otions of hydrogen 
atoms from those  o f th e  carbon sk e le to n , and considered  the carbon sk e le ­
ton  to  l i e  a t  eq u ilib riu m  in  a p la n e , z igzag  ch a in . He used the  equa­
tio n s  fo r  frequency d e riv ed  by Kirkwood. He used th e  p e r io d ic i ty  condi­
t io n  7T1/N in s te a d  of 4̂  z. 2 7T1/n as used by Kirkwood = phase d i f ­
fe ren ce  betvreen carbon atom s, N = chain  le n g th , 1 = 1 ,  2, . . . ,  N -  1 ) .  
This removed a degeneracy o f th e  freq u en c ies  ob ta in ed  by Kirkwood. 
Comparison o f th e  c a lc u la te d  r e s u l t s  o f P i tz e r ,  Kirkwood, and K assel 
w ith  observed da ta  f o r  e th an e , propane, n -b u tan e , and n-pentane showed 
th a t  in  the reg io n  where s k e le ta l  v ib ra tio n s  a re  expected , th e  h igher
8j .  Q. Kirkwood, J .  Chem. Phys. 7 , 506 (1939). 
9k. s .  P i tz e r ,  J .  Chem. Phys. 8 , 711 (1940).
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freq u en c ie s  are  “s u rp r is in g ly  w e ll approxim ated” by th e  i n f i n i t e  chain  
method. The approxim ation was le s s  s a t i s f a c to r y  fo r  lower fre q u e n c ie s .
L iang, S u th erlan d , and Krimm^^ f in d  the method of Kirkwood and 
P i tz e r  very  u se fu l bu t suggest th a t  the p o ss ib le  va lu es of phase d i f f e r ­
ence between carbon atoms be given by ^  = 7T1/(N -  1) where 1 = 0 , 1 
2 , . . . ,  N -  1 . Out o f the  3N p o ss ib le  s k e le ta l  v ib ra t io n s ,  a very  sm all 
number can be o p t ic a l ly  a c tiv e  in  the  c r y s ta l l in e  s t a t e ,  namely, only 
those in  which th e  corresponding  atoms in  each u n it  c e l l  move i n  phase. 
For a f i n i t e  ch a in , v ib ra tio n s  in  which the u n i t  c e l l s  do n o t move in  
phase can be shown to  be weakly a c t iv e .  For an i n f i n i t e  chain  th ey  w i l l  
have zero in t e n s i ty .  I f  th e re  a re  p carbon atoms o f a s in g le  cha in  in  
a u n i t  c e l l ,  only  those modes fo r  which = 27Tr/p (where r  = 0 , 1 , 2 ,
. . . ,  p -  1) can be p o te n t ia l ly  a c t iv e .  Thus th e re  w i l l  be 3p ~ 4 v ib ra ­
t io n a l  degrees o f freedom fo r  the  sk e le to n . The accep ted  u n it  c e l l  fo r  
po lyethy lene  has p = 2 . Taking = 0 and ^  = 7f , L iang e t  ca lcu ­
l a t e  th e  two s k e le ta l  fundam entals to  be 1070 cm"^ and 1137 cm“^ .
The f i r s t  a ttem p t to  c a lc u la te  th e  spectrum  o f a long  chain
p a ra f f in  w ith  c o n s id e ra tio n  o f the e f f e c t  o f the  hydrogen atoms was made
by Whitcomb, N ie lsen , and T hom as.^  They assumed a c e n tr a l  fo rce  f i e ld  
and d erived  an equation  which connects the sim ultaneously  p o s s ib le  va lues 
of norm al frequency and phase d if fe re n c e  f o r  the  o s c i l la t io n s  o f an in ­
f i n i t e  chain  w ith  a phase d if fe re n c e  from l in k  to  l i n k .  When d iscu ss in g  
so lu tio n s  th ey  d is tin g u ish e d  between chain  v ib ra tio n s  and end v ib ra tio n sL
^^Liang, S u th erlan d , and Krimm, J .  Chem. Phys. 22, 1468 (1954)► 
4 ?h itc o m b , N ie lsen , and Thomas, J .  Chem. Phys. 8 , 143 (1940)<
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The th eo ry  was te s te d  by apply ing  i t  to  the  c a lc u la t io n  o f the  in f ra re d  
spectrum o f unde cane. They found the  b e s t comparison o f th eo ry  and ex­
perim ent when overtone and com bination bands were co n sid ered . They 
thought th e  th eo ry  to  be capable o f accounting  com pletely  fo r  th e  in f r a ­
red  spectrum  of undecane, w hile ad m ittin g  th a t  th e  problem was incom­
p le te ly  so lved  because end co n d itio n s  were n o t considered  e x p l i c i t ly .
Sim anouti and Mizushima used the  method o f Kirkwood bu t in t r o ­
duced a U rey-Bradley p o te n t ia l  fu n c tio n . Using a phase d if fe re n c e  4  ̂ = 
^ /N  th ey  c a lc u la te d  the  two prom inent Raman a c tiv e  freq u en c ie s  observed 
in  s o l id  p a ra f f in s  below 1000 cm"" .̂ They go t good agreement w ith  th e i r  
Raman d a ta  fo r  butane to  decane, dodecane, and cetane in  the  s o l id  
s t a t e . L a t e r  th ey  took in to  account th e  e f f e c t  o f the  hydrogen 
atoms by s e t t in g  up a U rey-Bradley p o te n t ia l  f i e l d  fo r  an i n f i n i t e  chain  
o f the form -(CXI -  With phase d if fe re n c e  = 0 between
th ese  u n i t s ,  the  i n f i n i t e  o rder s e c u la r  eq u a tio n  reduces to  one o f o rd er 
18. S ince th e  chain  i s  regarded  as i n f i n i t e l y  lo n g , they  used the  s e le c ­
t io n  r u le s  fo r  both  p o in t groups C2h and Cgy* This gave e ig h t Raman- 
a c tiv e  fundam entals, f iv e  in f r a re d -a c t iv e  fundam entals, and one in a c tiv e  
fundam ental. They determ ined the forms of th e  v ib r a t io n s ,  c a lc u la te d  
th e i r  fre q u e n c ie s , and compared them w ith  those  observed in  th e  Raman 
spectrum o f s o l id  cetane and the  in f r a re d  spectrum  o f a p o ly e th y len e .
Mizushima and T. S im anouti, J .  Am. Chem. Soc. 71, 1320 
(1949). “
Mizushima, S tru c tu re  o f M olecules and I n te r n a l  R o ta tio n  
(New York: Academic P re s s , I n c . ,  1954), pp . 111-115.
l ^ I b i d . , pp. 197-207. 
sim anou ti and S . Mizushima, J .  Chem. Phys. 17, 1102 (1949!)«
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K elln e rl6  c a lc u la te d  th e  normal freq u en c ie s  o f  a p la n a r , ex tend­
ed , i n f i n i t e l y  long  methylene ch a in  assuming th e  p o te n t ia l  fu n c tio n  to  de­
pend on valence and angle fo rc e s  only# She found th a t  n on -p lanar m otions 
of carbon atoms do n o t c o n tr ib u te  to  the  spectrum  o f an i n f i n i t e  ch a in .
The m otions o f th e  cha in  were g iven by K elln er and d ip o le  moments were 
determ ined fo r  them# The r e s u l t s  were checked w ith  the  s e le c t io n  ru le s  
fo r  a  s in g le  -(CH2 -  CH2 ) -  re p e a t u n i t  under th e  p o in t group C2h* Assign­
ment o f th e  f iv e  in f r a r e d  a c tiv e  freq u en c ie s  was made from c o n s id e ra tio n s  
o f in te n s i ty  and p o la r iz a t io n  o f  th e  bands and r e l a t iv e  m agnitudes o f th e  
c a lc u la te d  d ipole  moments# K elln er made an a ttem p t to  in t e r p r e t  the  
weaker bands as  in f r a re d - in a c t iv e  fundam entals th a t  appear due to  break­
down o f  s e le c t io n  ru le s#  She made c a lc u la t io n s  to  determ ine the  in flu en ce  
o f end groups on th e  a c t i v i t y  o f  v ib ra tio n s  fo rb idden  in  th e  in fra red #
With th e  a id  o f a normal co o rd in a te  a n a ly s is .  Prim as and 
Gunthard^7 attem pted  to  in t e r p r e t  th e  band sequence between 1180 and 
1300 cm~^ which th e y  observed in  in f r a r e d  s p e c tra  o f some long  chain  d i -  
ca rb o x y lic  a c id  e s t e r s ,  k e to  a c id  e s t e r s ,  and diketones# These con tained  
methylene chains o f  v a rio u s le n g th s  from I 4  to  42 carbon atoms# They 
made th e  fo llow ing  assum ptions:
1 . The s e le c t io n  ru le s  o f p o in t group C2h a re  f u l f i l l e d #
2 . The model i s  a zigzag  cha in  X(CH2 -  CH2 )f^> where X i s  a 
p a r t ic le  w ith  about tw ice the  mass o f a  CH2 group, and th e  valence ang les 
a re  te t r a h e d r a l .
^ ^ #  K e lln e r , Proc# Phys# Soc. (London) A, ^  321 (1951)•
^^H# Primas and H. H# Gunthard, Relv# Chim# A cta ^  1659,
1791 (1953).
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3 . The in f lu e n c e  o f l a t t i c e  v ib ra tio n s  i s  n e g lig ib ly  sm a ll.
4 . The p o te n t ia l  m a trix  i s  o f a pure d iagonal form .
5* For normal coo rd ina te  a n a ly s is  o f c la s s  to r s io n a l
v ib ra tio n s  o f the sk e le to n  and C-H s tre tc h in g  v ib ra tio n s  a re  neglected*
For a n a ly s is  o f c la s s  the  s k e le ta l  v ib ra tio n s  are  no t neglected*
The s e c u la r  equation  was d iagonalized  w ith  the a id  o f a p e r­
tu rb a t io n  method* They found th a t  the  e ig en freq u en cies of a chain  
X(CH2 “  CH2 )nX^ occur as s e r ie s  o f non-degenerate fre q u e n c ie s . The 
reg io n s  occupied by th ese  s e r ie s  were found to  be independent of th e  
chain  le n g th , w ith in  the bounds o f th e i r  assum ptions. The s e r ie s  o f 
e ig en freq u en c ies  converges to  upper and lower l im i ts  which do no t them­
se lv e s  occur as e ig e n fre q u e n c ie s . T^ith in c re a s in g  chain  le n g th  the 
e ig en freq u en c ies  tend  to  p i le  up around th ese  lim its*  C onsiderable i n t e r ­
a c tio n  occurs among the s k e le ta l  v ib ra tio n s  and th e  m ethylene v ib ra tio n s
o f sp ec ie s  so th a t  i t  i s  n o t p o ss ib le  to  c a lc u la te  the  s k e le ta l  v i ­
b ra t io n  freq u en c ies  a c c u ra te ly  w ith  n e g le c t o f the v ib ra tio n s  in v o lv in g  
hydrogen atoms* Primas and Giinthard in v e s tig a te d  th ese  in te ra c t io n s  
q u a l i t a t iv e ly .
Line and Space Group A nalysis 
Line Group
The in te r p r e ta t io n  o f sp e c tra  p resen ted  in  th i s  d is s e r ta t io n  
tak es  i t s  s t a r t i n g  p o in t  in  the  th e o r e t ic a l  approach o f T o b i n ,w h i c h  
i s  an ex ten s io n  of p rev ious work by Winston and H a lfo rd .^9 ^he symmetry
1%. C. Tobin, J. Chem. Phys. 23, 891 (1955).
19h . Winston and R. S. Halford, J. Chem. Phys. 17, 60? (1949).
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o f an i s o la te d ,  i n f i n i t e  chain  m olecule may be described  by a one-dimen­
s io n a l space group, o r l in e  group. The t r a n s la t io n s  and id e n t i ty  o f 
th i s  group form an in v a r ia n t  subgroup. The fa c to r  group formed by the 
t r a n s la t io n  subgroup and i t s  c o se ts  d esc rib es  the symmetry o f a re p e a t 
u n it  o f the  ch a in . I t  i s  isom orphic to  a c e r ta in  p o in t group. Normal 
modes belonging to  re p re s e n ta tio n s  o f the l in e  group f a c to r  group are  
t o t a l l y  symmetric under t r a n s la t io n s ,  which means th a t  the re p e a t u n its  
v ib ra te  in  phase. For a n o n -fa c to r  group mode, th e re  i s  a co n stan t 
phase s h i f t  from one re p e a t u n it  to  the n e x t.
The re p re s e n ta tio n s  o f  the  t r a n s la t io n a l  subgroup a re  of the  
form exp ^2 7Tik*tJ where k i s  a "wave number v e c to r ."  Each wave number 
v e c to r belongs to  a s e t  ^ k j o r " s ta r "  ob ta ined  by s e le c t in g  a v e c to r  and 
app ly ing  to  i t  the o p e ra tio n s  o f th e  p o ijit group underly ing  th e  space 
group. The d i f f e r e n t  v e c to rs  so genera ted  a re  then  c o lle c te d . Some 
o p era tio n s o f the  p o in t group may leave  a l l  the  v ec to rs  o f ^k j in v a r ia n t  
The o p e ra tio n s  th a t  do th i s  form a subgroup K o f the p o in t group. An 
ir re d u c ib le  re p re s e n ta tio n  o f th e  space group may be c h a ra c te r iz e d  by th ç  
s e t  ^ k j and a re p re s e n ta tio n  o f th e  subgroup K. When the  s t a r  co n ta in s  
only  k = 0 , K i s  the e n t i r e  f a c to r  group, and the  i r r e d u c ib le  rep resen ­
ta t io n  i s  a re p re s e n ta tio n  o f th e  f a c to r  group. The ex p ressions given 
by W inston and H alford  fo r  determ ining  th e  e n tr ie s  in  the  c h a ra c te r  
ta b le  o f the  re p re s e n ta tio n s  o f a space group may be used to  determ ine 
the c h a ra c te rs  o f th e  re p re s e n ta tio n s  o f a l in e  group i f  i t  i s  noted 
th a t  a l l  th e  t r a n s la t io n  v e c to rs  t  l i e  in  the  d ir e c t io n  of the  chain  and 
a l l  the  v ec to rs  o f the  re c ip ro c a l  l a t t i c e  l i e  in  the d ir e c t io n  o f the 
L c h a i t t ô ---------------------------------------------------------- -— — —— --------- - --------------------------------------------------------------------------------------------
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A given t r a n s i t io n  from th e  ground s ta te  may have s p e c tr a l  
a c t i v i t y  on ly  i f  a m a trix  elem ent / i  J'C' (where M i s  a component of
d ip o le  moment o r p o la r iz a b i l i ty )  i s  non-van ish ing . This happens only  i f  
the  l in e  group re p re s e n ta tio n  to  which belongs i s  the  same as th a t  
to  which M belongs* S ince v ec to rs  and ten so rs  are  symmetric under t r a n s ­
l a t io n s ,  only f a c to r  group normal modes may be s p e c t r a l ly  a c tiv e  as funda­
m entals . The n o n -fa c to r  group modes, which c o n s t i tu te  th e  v a s t m a jo r ity  
o f th e  v ib ra tio n s  o f the  ch a in , a re  a l l  in a c t iv e  as fundam entals.
The f a c to r  group normal modes may be enumerated by a procedure 
s im ila r  to  th a t  used fo r  s in g le  m olecu les. The number o f normal modes 
in  each spec ies i s  g iven by
Ni = 2 cos ^ (R ))x i(R ) ,
R
where h i s  the o rder o f the  group, <^(R) i s  the  angle o f r o ta t io n  a s s o c i­
a te d  w ith  the  o p e ra tio n  R, and X^(R) i s  th e  c h a ra c te r  o f th e  o p e ra tio n  R 
in  th e  i* th  ir re d u c ib le  re p re s e n ta tio n  o f the group, and i s  the  numbe: 
o f atoms of a re p e a t u n i t  th a t  a re  l e f t  in v a r ia n t  under th e  o p e ra tio n  R, 
o r a re  c a r r ie d  in to  an e q u iv a le n t p o s it io n  in  an o ther re p e a t u n it  by the  
o p e ra tio n . The t r a n s la t io n s  o f th e  m olecule as a whole can be removed 
by re p la c in g  by -  1 . Two o f the " ro ta t io n a l"  degrees o f freedom 
of th e  re p e a t u n i t  w i l l  be to r s io n a l  o s c i l l a t io n s ;  only  th e  r o ta t io n  
about th e  chain  a x is  i s  a tru e  r o ta t io n  o f the whole m olecule . There 
a re  th u s 3n -  4  brsuiches in  the  complete v ib ra tio n  spectrum  o f a chain  
jwith n atoms in  a re p e a t u n i t ,  and the freq u en c ies  in  each branch a re  a 
fu n c tio n  o f the wave number v e c to r  k . Only fundam entals f o r  which k = 0 
may be s p e c t r a l ly  a c t iv e .____________________________________________ ______
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Line Group o f the P olyethylene Molecule 
The symmetry elem ents and covering  o p era tio n s o f an i s o la te d ,  
i n f i n i t e  m ethylene chain  a re  as fo llow s:
1 . The id e n t i ty ,  E .
2 . A m irro r  p lane in  the p lane o f the carbon cha in ,
3 . M irro r p lanes in  the p lan es o f the  m ethylene groups,
4 . Two-fold r o ta t io n  axes b is e c tin g  th e  m ethylene groups, C2 # 
5* Two-fold r o ta t io n  axes p e rp en d icu la r to  th e  p lane o f the
m olecule and b is e c tin g  the C-C bonds, Cg'*
6 . C enters o f in v e rs io n  a t  the m idpoints o f th e  C-C bonds, i .  
7* A tw o -fo ld  screw ax is  ly in g  along  the chain  a x is ,
Ô. A g lid e  p lane co n ta in in g  the chain  a x is  and p e rp en d icu la r 
to  th e  p lane o f th e  cha in , CT .̂
9* Pure t r a n s la t io n s  along the ch a in  ax iso  
By su c c e ss iv e ly  app ly ing  th ese  o p e ra tio n s  to  a re p e a t u n i t ,  
one can c o n s tru c t a m u l t ip l ic a t io n  ta b le  and f in d  th a t  the  elem ents form 
a group isom orphic to  the p o in t  group V^. The isomorphism and c h a ra c te r  
ta b le  a re  given in  Table I .  This shows, in  p a rticu 3 .a r, th a t  th e  m utual 
e x c lu s io n  ru le  should  hold  f o r  long m ethylene ch a in s . The symmetry 
sp ec ie s  o f  the norm al modes, o f the t r a n s la t io n s  and r o ta t io n s ,  and o f 
the  components o f the  d ip o le  moment and p o la r i z a b i l i t y  can now be d e te r ­
m ined.
Each s e t  j c o n s is ts  o f one wave number v e c to r  and i t s  nega­
t i v e .  An excep tion  i s  the wave number v e c to r  whose term inus i s  a t  the 
I'end o f the  f i r s t  B r i l lo u in  zone. This v e c to r  i s  l e f t  in v a r ia n t  by the
a l l  but th i s  | k | j  a subgroup isom orphic to  
Cgy le a v e s  each wavs number v e c to r  in v a r ia n t .
TABIE I
CHARACTER TABLE OF POINT GROUP AND ISOMORPHIC FACTOR GROUPS








F ac to r Group E i < ^ (x z ) ^ g (y z ) 02^(^''(z)
1 1 1 1 1 1 1 1 ^ z z
Au 1 -1 -1 -1 -1 1 1 1
" ig 1 1 1 -1 -1 -1 -1 1 ^ x y
Blu 1 -1 -1 1 1 -1 —1 1 Mz
®2g 1 1 -1 1 -1 —1 1 -1 ^  xz
1 -1 1 -1 1 -1 1 -1
®3g 1 1 -1 -1 1 1 -1 -1 cC yz




Space Group o f C ry s ta ll in e  Polyethylene 
c r y s ta l  o f m ethylene chains may be t r e a te d  by th e  u su a l 
methods fo r  m olecular c r y s ta ls  i f  th e se  methods a re  s l ig h t ly  modified*
In  the  enum eration o f  normal modes under the  space group th e  on ly  d i f f e r ­
ence i s  th a t  some o f th e  modes th a t  would be l a t t i c e  modes f o r  a  molecu­
l a r  c r y s ta l  w i l l  be in te r n a l  modes in  a c r y s ta l  o f chains*
The u n it  c e l l  o f  p o lye thy lene  has been shown in  F igure 1 . I t s  
symmetry i s  d esc rib ed  by th e  space group The symmetry elem ents
and covering o p era tio n s a re  as fo llo w s:
1 . The id e n t i ty ;  E*
2 . In v e rs io n  c e n te rs  a t  (0 , 0 , 1 /2 ) and ( l / 2 ,  1 /2 , l / 2 ) ;  i*
3* M irror p lanes p e rp en d icu la r to  th e  z-axLs a t  z = I /4  and
z = 3 /4 ;
4« G lide p lanes p e rp e n d icu la r  to  the  y -a x is  a t  y  « 1 /4  and 
y  = 3 /4 , g lid e  (1 /2 , 0 , 0 ) j  ( 3 ^  (x z ) .
5 . G lide p lan es p e rp en d icu la r  to  th e  x -a x is  a t  x  = 1 /4  and 
X. = 3 /4 , g lid e  (0 , 1 /2 , 1 /2 ) ;  (J^j^(yz).
6 . Two-fold screw axes p a r a l l e l  to  th e  z -a x is  through (C, 0 ,
0) o r (1 /2 , 1 /2 , 0 ) ,  t r a n s la t io n  (0 , 0 , 1 /2 ) ;  C2®®*“( z ) .
7« Two-fold screw axes p a r a l l e l  to  th e  x -a x is  through (0 , 1 /4 ,
1 /4 )  o r (0 , 1 /4 , 3 /4 ) o r (0 , 3 /4 , 1 /4 )  o r  (0 , 3 /4 , 3 /4 ) ,  t r a n s la t io n
(1 /2 , 0, 0)5 C2®®^(x).
8 . Two-fold screw axes p a r a l l e l  to  th e  y -a x is  through (1 /4 ,
0 , 1 /2 ) o r (3 /4 , 0 , 1 /2 ) ,  t r a n s la t io n  (0 , 1 /2 , 0 ) |  C2==]^(y).
The u n i t  c e l l  group i s  isom orphic to  V^. The isomorphism and 
c h a ra c te r  ta b le  a re  given in  Table I* There a re  th re e  cases to  co n sid e r
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when determ ining the  subgroup K which leav es  the  wave number v ec to rs  in ­
v a r ia n t .  These depend on the o r ie n ta t io n  o f the wave number v e c to rs  and 
a re  as  fo llo w s:
1 . Wave number v ec to rs  p a r a l l e l  to  the  chain  a x is  a re  l e f t  
in v a r ia n t  by space group o p era tio n s  (1) and (6 ) , which form a subgroup 
isom orphic to  C2 *
2 . Wave number v ec to rs  p e rp en d icu la r to  th e  chain  axes a re  
l e f t  in v a r ia n t  by o p e ra tio n s  (1) and (3 ) ,  which form a subgroup isom orphic
to  CgO
3 . Wave number v e c to rs  n o t p a r a l l e l  o r p e rp en d icu la r to  the  
ch a in  ax is  a re  l e f t  in v a r ia n t  only  by th e  id e n t i ty ,  i . e . ,  by th e  s in g le  
elem ent o f the  subgroup
Overtones and Combinations 
Though th ey  a re  in a c tiv e  as fundam entals, n o n -fa c to r  group 
modes may form a c tiv e  overtone and com bination bands. The a c t i v i t i e s  o f  
such bands can be determ ined s im i la r ly  f o r  the l i n e  group and the  space 
group; however, the  l i n e  group approxim ation ta k e s  in to  c o n s id e ra tio n  
o n ly  wave number v e c to rs  th a t  a re  p a r a l l e l  to  the  cha in  a x is ,  and th e re ­
fo re  does n o t g ive a complete p ic tu r e .
I f  two fundam entals have the same wave number v e c to r , the  ac­
t i v i t y  of t h e i r  com bination can be determ ined from th e  equation  g iven by 
W inston and H alford:^®
a^u^c. -  % y ZjK(R)* Z2 (̂R)
E
R in  K
■2©H. Winston and R. S. Halford, J. Chem. Phĵ s. 17, 607 (1949).
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In  th i s  equa tio n  h i s  th e  o rder o f the  group K, the  and the
are  c h a ra c te rs  o f  re p re se n ta tio n s  o f  the group K th a t  leav es  the  wave 
number v e c to r  in v a r ia n t ,  and the a re  c h a ra c te rs  o f a re p re se n ta ­
t io n  o f  the  u n i t  c e l l  group. Then g ives the  number o f tim es th e
i ' t h  re p re s e n ta tio n  o f th e  u n it  c e l l  group i s  con ta ined  in  th e  d i r e c t  
p roduct o f two re p re s e n ta tio n s  o f th e  group th a t  leav es  the  wave number 
v e c to r  in v a r ia n t .  I f  i s  n o t zero , the  com bination o f th e  n o n -u n it
c e l l  v ib ra tio n s  has the a c t i v i t y  o f  th a t  u n i t  c e l l  re p re s e n ta tio n . When 
the  wave number v e c to r  i s  zero , K i s  the  f u l l  p o in t group isom orphic to  
the  u n it  c e l l  group, and the  eq u a tio n  w i l l  g ive the  a c t i v i t i e s  o f com­
b in a tio n s  of u n i t  c e l l  v ib r a t io n s .
For the  space group trea tm en t o f po lyethy lene  the  may
be ob ta ined  from the c h a ra c te r  ta b le  o f p o in t group % . The subgroup K 
may be C2  ̂ Cg, o r Cj_, depending on th e  o r ie n ta t io n  o f the  wave number 
v e c to r , as d iscu ssed  above. More th an  one re p re s e n ta tio n  o f th e  u n i t  
c e l l  group w i l l  g e n e ra lly  reduce to  th e  same re p re s e n ta tio n  o f a subgroup, 
As an example, con sid er the  subgroup C2> which co n ta in s  th e  id e n t i ty ,  E , 
and the screw a x is ,  C2®^^(z)» Exam ination o f  Table I  shows th a t  the r e ­
p re se n ta tio n s  o f o f  sp ec ies  Ag, A^, B^g, and a l l  e q u iv a le n t
re p re s e n ta tio n s  of C2> as  a re  B2g, B2u> B^g, and B^^. S im ila r ly , fo r  
subgroup Cg, which co n ta in s  the  id e n t i ty ,  E , and th e  r e f le c t io n ,  C7JJ, 
th e  re p re s e n ta tio n s  o f o f sp ec ie s  Ag, B%g, B2u^ and B^^ a re  equivalen* 
re p re s e n ta tio n s , as a re  those  o f sp e c ie s  A^, B^^, B2g, and B^g. A ll r e ­
p re se n ta tio n s  o f  Vh a re  e q u iv a le n t re p re se n ta tio n s  o f  subgroup C]_. The 
r e la t io n s  o f u n i t  c e l l  group re p re s e n ta tio n s  and re p re se n ta tio n s  o f the
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subgroup K are  shown in  Table IV in  Chapter IV. The re p re se n ta tio n s  o f 
com binations a re  shown in  Table V.
In te r p r e ta t io n  o f the  S p ec tra
Symmetry V ib ra tio n s  
S ix  modes o f v ib ra tio n  o f a methylene group a re  shown in  the
I
upper p a r t  o f F igure 2 and th e i r  n a tu re  i s  g iven  in  the  u su a l terminology" 
The two methylene groups in  the re p e a t  u n it  o f a po lyethy lene  m olecule 
may v ib ra te  w ith  phase d if fe re n c e  0 o r TP in  a c tiv e  fundam entals. There 
a re  th u s twelve such modes in v o lv in g  hydrogen atom s. In  a d d itio n  th e  
methylene groups can move as a v/hole. At th e  bottom o f F igure 2 are  
shown the  s ix  p o ss ib le  com binations w ith  m ethylene groups each moving as 
a u n i t  w ith  phase d if fe re n c e  0 o r H* between a d ja c e n t groups. Three o f 
th ese  a re  t r a n s la t io n s  o f th e  m olecule as a whole and one i s  a r o ta t io n  
of th e  molecule as a w hole. The rem aining two a re  s k e le ta l  deform ationsj 
thus b rin g in g  to  fo u rte e n  th e  number o f such symmetry v ib r a t io n s .
In  the u n it  c e l l  o f c r y s ta l l in e  po lyethy lene  th e  two -(CH2 -
CH2 ) -  groups may execute th ese  fo u rte e n  v ib ra tio n s  e i th e r  in  phase w ith  
each o th e r o r w ith  phase d if fe re n c e  Thus each frequency o f the po ly­
e th y len e  chain  may s p l i t  i n  c r y s ta l l in e  p o ly e th y len e .
In  Table I I  a re  l i s t e d  th e  fo u rte e n  symmetry v ib ra tio n s  o f th e
re p e a t u n i t ,  t h e i r  phase r e la t io n s ,  and t h e i r  symmetry sp ec ie s  under the
l in e  group and space group.
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OF THE SYMMETRY VIBRATIONS 
LONG METHYIENE CHAINS
Approximate Phase D ifference  
C h a ra c te r iz a tio n  o f A djacent 
o f Mode Methylene Groups
Is o la te d  Chain: 
Line Group 
R ep resen ta tio n
C ry s ta l of Chains: 
Space Group 





Symmetric S tre tc h in g 0 ®ig
TT ®3u B3U Bgu
Asymmetric S tre tc h in g 0 ®2u B2u B3U
7f
®lg 4
Deform ation 0 4 Big
7T ®3u B3U Bgu
Rocking 0 Bzu B3U
7T
®lg Big &
T w isting 0 ®3g B3g Bag
: TT ^U Biu
Wagging 0 Biu Biu ^U
7X % g Bag B3g
S k e le ta l  Deformation Bag Bag B3g
S k e le ta l  Deformation 4 4 ^ g
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In f ra re d  S p ec tra  
The ana ly ses by Sim anouti and itizu sh im a^^^^  and by K ellner^^  
have shown th a t  a long  methylene chain  should  have f iv e  in f r a re d  a c tiv e  
fundam entals. Two o f th ese  a re  C-H s t r e tc h in g  v ib ra tio n s  which a re  e a s i ly  
found and assigned  as th e  bands near 2850 (symmetric C-H s tre tc h in g )  and 
2920 (asymmetric C-H s t r e t c h i n g ) T h e  o th e r two s tro n g  bands in  the  
spectrum , near 725 cm*"l and 1470 cm"l, a re  both  p o la r iz e d  p e rp en d icu la r 
to  the  chain  a x is ,  so th ey  must re p re s e n t the in f r a re d -a c t iv e  methylene 
rock ing  and deform ation modes. The 1470 cm"*̂  band has long  been i n t e r ­
p re te d  as th e  fundam ental in v o lv in g  m ethylene deform ation . One would 
expect the  in f ra re d  a c tiv e  fundam ental in v o lv in g  methylene wagging to  be 
as s tro n g  as th e  o th e r  fundam entals, bu t th e re  i s  no o th e r  s tro n g  in f r a ­
re d  band, nor any p e r s i s t e n t  band w ith  p ro p er p o la r iz a t io n .  A ttem pts have 
been made to  a s so c ia te  i t  w ith  the bands a t  I 368 and 1352
These bands a re  p o la r iz e d  p a r a l l e l  to  the  ch a in , bu t t h e i r  in te n s i ty  de­
c re a se s  on going from th e  l iq u id  to  th e  s o l id  s t a t e .  Though they  p e r s i s ;
^ 4 .  Sim anouti and S . Mizushima, J .  Chem. Phys. 1102 (1949)*
Mizushima, S tru c tu re  o f M olecules and I n te r n a l  R o ta tio n  
(New York: Academic P ress  I n c . ,  19547> PP# 197-207#
K elln e r, P roc. Phys. Soc. (London) A, §ky 521 (1951)#
^ J .  J .  Fox and A. E . M artin , P roc . Roy. Soc. (London) 175*
208 (1940) .
^^T. Sim anouti and S . Mizushima, J .  Chem. Phys. 1102 (1949)#
Mizushima, S tru c tu re  of M olecules and In te r n a l  R o ta tio n  
(New York: Academic P ress I n c . ,  1954j> PP# 197-207#
K e lln e r , P roc. Phys. Soc. (London) A, ^  521 (1951).
a
in  ix jlvethvlene w ith  an acn ree iab le  i n t e n s i t j .  they  d isapoear alm ost com- 
p le t e ly  in  n - p a r a f f in s . This i s  in c o n s is te n t  w ith  the  behaTior expected  
o f a wagging v ib ra t io n  th a t  c o n s is ts  o f a l l  the  hydrogen a tco s  moving 
w ith  re sp e c t to  the carbon skeleton^ in  unison and p a r a l l e l  to  the cha in  
a x is .  One would expect the n e t d ipo le  moment change to  be g re a te r  when 
the  ch a in s  are  more o r ie n te d . H ev e rth e le ss , th e  bands a t  1363 and 1352 
cm"- appear to  be a s so c ia te d  e n t i r e ly  w ith  the  amorphous p h a s e . A t ­
tem pts a lso  have been made to  a s s o c ia te  t h i s  fundam ental w ith  th e  sequence 
o f bands between USD and I 3CO However, the  s e r ie s  appears
in  th e  spectrum o f a c r y s ta l  o f e ico san o ic  a c id , viewed approxim ately  
p a r a l l e l  to  the chain  a x is , in d ic a t in g  th a t  th ese  bands invo lve  d ipo le  
moment change p e rp en d icu la r to  the  chain  a x i s . ^
Raman S p ec tra
The assignm ent of th e  Ram an-active fundam entals i s  even more 
d i f f i c u l t  than  th e  assignm ent of th e  in f r a r e d -a c t iv e  fundam entals. Agai n 
the  two C-H s t re tc h in g  fundam entals a re  e a s i ly  id e n t i f ie d  as  th e  s tro n g  
bands n ea r 2330 and 2833 cm""-, bu t th e re  a re  s ix  more fundam entals to  be 
a ss ig n ed . The Raman sp e c tra  o f c r y s ta l l in e  i ^ r a f f in s  are  p lo t te d  i n  
F igure 7 in  Chapter TV. E xperim ental d i f f i c u l t i e s  have so f a r  p rev en ted  
any o b se rv a tio n  o f the  p o la r is a t io n  of th e  bands of c r y s ta l l in e  p a r a f f in s .
^%ugg. Sm ith, and TTartuan, J .  Polymer S c i .  1 ^  1  (1955) #
Pr i mes and H. Gunthard, B elv . Chim. Acta 36, 1639 (1955).
^ S i n c l a i r ,  kcHay, and Jones, J .  Am. Chem. Soc. 7 ^  2370
(1952) .
^A. R. H. Cole and R. H. Jones, J. Dpt. Soc. Am. 2^ 343 (1952).
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R ather incom plete d a ta  a re  a v a ila b le  on p o la r iz a t io n  o f th e  bands o f l i q r  
u id  p a r a f f in s *32 one has to  r e ly  co n sid e rab ly  on c a lc u la tio n s  o f f r e ­
quency ranges o f the  v a rio u s  symmetry v ib r a t io n s .
D eterm ination  of Frequency Regions 
o f  Symmetry V ib ra tio n s  
The g re a t r e g u la r i ty  shovm by th e  sp e c tra  of normal p a ra f f in s  
has le d  some workers to  in t e r p r e t  the  s p e c tra  by c o r re la t io n  w ith  the  
sp e c tra  o f e th an e , propane, and butane. In  s h o r te r  ch a in s , freq u en c ies  
w i l l  be s p e c t r a l ly  a c tiv e  th a t  correspond to  n o n -fa c to r  group modes o f 
i n f i n i t e  ch a in s . These v ib ra tio n s  may have d i f f e r e n t  s e le c t io n  ru le s  
fo r  sh o r t chain  p a ra f f in s  w ith  an even number of m ethylene groups (p o in t 
group C2h) &nd an odd number of m ethylene groups (p o in t group C2y)- 
Brown, Sheppard, and Simpson33 have used t h i s  approach to  in t e r p r e t  th e  
sp e c tra  of c r y s ta l l in e  s h o r t chain  p a r a f f in s .  They assume th a t ,  to  a 
f i r s t  approxim ation, the  spectrum  can be d iv id ed  in to  frequency reg io n s 
c h a r a c te r i s t ic  o f methylene wagging, ro ck in g , and tw is t in g , and C-C 
s t r e tc h in g  fre q u e n c ie s . The bands in  th e se  reg ions a re  assumed to  s p l i t  
ou t w ith  in c re a s in g  chain  le n g th  from th e  corresponding  freq u en c ies  in  
e th an e , propane, and bu tane . Brown, e t  no te  th a t  the C-C s t r e tc h in g  
v ib ra tio n  in  ethane was ass ig n ed  to  th e  Raman l in e  a t  993 and th a t  in  
propane th e  m ethylene tw is tin g  and rock ing  fundam entals were a ss ig n ed  to  
bands a t  1278 and 748 cm“^ re s p e c t iv e ly , and they  assume th a t  th e  1336
32penske, Braun, Wiegand, Q uiggle, McCormick, and Rank, A naly tl 
Chem. 19, 700 (1947).
33grown, Sheppard, and Simpson, T rans. Roy. Soc. (London) A,
24^5_C 1S341
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cin”l  band in  propane a r i s e s  p r in c ip a l ly  from wagging m otion. T heir con­
c lu s io n s  a re  summarized below:
1 . Methylene Rocking Modes: The 74Ô cm"*! band in  propane has
the p roper contour f o r  th e  symmetry sp ec ie s  o f t h i s  v ib ra t io n .  The same 
i s  tru e  o f the 732 cm*"̂  band in  bu tane. These f a l l  i n  l in e  w ith  the  banp 
sequence which approaches a l im i t  o f 720 cm“^ f o r  lo n g er c h a in s . O ther 
band sequences begin  in  the  in f ra re d  sp e c tra  of odd-numbered chains*
There should be sequences of Raman-active bands between th e se  in f r a re d  
a c tiv e  sequences. The h ig h e s t wave number a ss ig n ed  to  th i s  type o f m otion 
i s  1034 cm"! in  th e  in f ra re d  spectrum  o f n-nonadecane*
2 . The C-C S tre tc h in g  Modes: These v ib ra tio n s  p robab ly  ac­
count f o r  the  rem aining bands between 8^0 and 1150 cm~^o Five s e r ie s ,  
in c lu d in g  those approaching 890, 1060, and 1134 cm~^ a re  p icked  ou t in  
th e  Raman sp e c tra  of long  chained  p a r a f f in s .  The in te r a c t io n  w ith  me th y  _ 
group v ib ra tio n s  i s  d iscu ssed .
3 . Methylene T w isting  and Wagging Modes: The reg io n  between
1370 and 1150 cm*“l  co n ta in s  a number o f weak a b so rp tio n  bands which may
»
be co n sid ered  as s p l i t t i n g  ou t from th e  I 336 and 1278 cm“l  freq u en c ie s  
o f propane. The bands which s p l i t  ou t from th ese  two freq u en c ie s  over­
la p  co n sid erab ly  and th e re  i s  d i f f i c u l ty  se p a ra tin g  them in to  se r ie s*
As the  low er limi.t* o f th e  wagging freq u en c ie s  a s e r ie s  o f  in f r a r e d  bands 
th a t  approach 1189 cm““l  in  nonadecane i s  s e le c te d . The reg io n  o f wagging 
freq u en c ies  extends to  a t  l e a s t  1375 cm“^ . The Raman a c t iv e  band n ear 
1295 cm“"^ i s  in te rp re te d  as th e  upper l im i t  o f the  tw is tin g  fre q u e n c ie s . 
These in te r p r e ta t io n s  a re  n o t conclusive  bu t give b e s t agreement w ith  
se  c tio n —r u le s
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A s im ila r  tre a tm e n t i s  g iven by Tschamler34 fo r  p a ra f f in s  
through n-decane. He u t i l i z e s  Raman d a ta  fo r  th e se  compounds in  the 
l iq u id  s t a te  and f i t s  s e r ie s  o f Raman-active bands between s e r ie s  o f 
in f r a re d  a c tiv e  bands i n  accordance w ith  s e le c t io n  ru le s  f o r  odd and 
even cha in  le n g th s . The reg io n s d e fin ed  by h is  a n a ly s is  agree w e ll w ith  
those  o f Brown, Sheppard, and Simpson, excep t th a t  the  re g io n  o f  tw is tin g  
freq u en c ie s  i s  low er and does no t o v erlap  the  wagging re g io n . This avoids 
one weakness of th e  assignm ents of Brown, Sheppard, and Simpson, s in ce  
they  have assig n ed  some bands between 1180 and I 3OO cm*l to  one type o f 
v ib ra t io n  and some to  th e  o th e r . The in f ra re d  sp e c tra  o f f a t t y  ac id s  
show a uniform  s e r ie s  of bands in  th i s  reg io n  which would more lo g ic a l ly  
be a ss ig n ed  e n t i r e ly  to  one type o f v ib r a t io n .35 on th e  o th e r  hand, i t  
does n o t seem sa fe  to  assume, as Tschamler has done, th a t  Ram an-active 
v ib ra tio n s  have th e  same frequency in  r o ta t io n a l  isom ers as in  th e  p la n a r  
form of th e  m olecule.
The c a lc u la t io n s  o f  Primas and Gunthard3^ support the  assump­
t io n  o f Brown, Sheppard, and Simpson th a t  the  spectrum  can be d iv id ed  
in to  reg io n s  c h a r a c te r i s t ic  o f the v a rio u s  ty p es  o f v ib r a t io n .  The com­
puted  reg io n s  agree rem arkably w ell w ith  those a r r iv e d  a t  e m p ir ic a lly .
The g r e a te s t  disagreem ent concerns the  lo c a t io n  o f the  re g io n  o f tw is tin g  
v ib r a t io n s .  T heir c a lc u la t io n s  in d ic a te  a s tro n g  in te r a c t io n  between 
wagging and bending modes, and a lso  between wagging and C-C s t r e tc h in g .
%H. Tscham ler, J .  Chem. Phys. 22, 1845 (1954).
^ % in c la l r ,  McKay, and Jones, J .  Am. Chem. Soc. 74, 2575 (19521
3 % , Primas and H. (Sinthard, Helv. Chim. Acta 1659 (1953), 
116, 1791 (195-3)^
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They f in d  th a t  the reg io n  o f wagging v ib ra tio n s  should co n ta in  band se­
quences w ith  n e a rly  co n stan t frequency d if fe re n c e . T herefore they  i n t e r ­
p r e t  th e  sequence o f bands between 1180 and 1350 to  be concerned w ith  
p a r t  o f th e  wagging fundam entals. They a r r iv e  a t  the  fo llow ing  charac­
t e r i s t i c  ranges fo r  the d i f f e r e n t  types o f v ib ra t io n s :
Methylene rock ing : 717-1109 cm“^ .
Methylene tw is tin g : 1176-1243•
Methylene wagging: 1280-1445•
Me thy lene  def  orm ation: 1480-1640.
The freq u en c ies o f f a c to r  group fundam entals have been ca lcu ­
la te d  by Sim anouti and Mizushima^^938 and by Kellner.39 Agreement w ith  
63q)erim en ta l l y  observed freq u en c ies  i s  in  e i t h e r  case on ly  q u a l i ta t iv e .  
The work o f  Sim anouti and Mizushima y ie ld s  tw is tin g  freq u en c ies  th a t  a re  
much low er than  i s  in d ic a te d  by th e  work of o th e rs . The upper rocking  
and tw is t in g  freq u en c ies  a re  very  vaguely  d e fin ed  in  K elln e r * s work.
Each i s  in d ic a te d  as ly in g  between two l im i t in g  freq u en c ies  but would 
have to  be very  n ea r the lovrer s p e c if ie d  l im i t  to  agree w ith  th e  r e s u l t s  
o f o th e r s .  A ll th re e  th e o r e t ic a l  trea tm en ts  in d ic a te  the  upper l im i t  o f 
bending v ib ra tio n s  to  be above I 5OO cm“ ^ , where, no bands have been ob­
serv ed . K ellner *s c a lc u la tio n s  show th e  upper wagging fundam ental to  be 
above th e  range of bending fundam entals. Primas and Gunthard f in d  th i s  
a ls o  when they  n e g le c t in te r a c t io n  between th e  wagging and bending modes
3?T. Sim anouti and S . Mizushima, J .  Chem. Phys. 1102 (1949)•
3% . Mizushima, S tru c tu re  o f M olecules and I n te r n a l  R o ta tion  
(New York: Academic P re ss , I n c . ,  195 Î ) ,  pp. 197-207.
■3?t., K e lln e r, P roc . Phys . Soc. (London) A, 64, 521 (1951).
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Since Mizushima and Sim anouti use the  most complete p o te n t ia l  
fu n c tio n  (a U rey-Bradley f i e ld )  ̂  one would expect t h e i r  c a lc u la tio n s  to  
be the  most a c c u ra te . T heir r e s u l t s  fo r  the  s k e le ta l  fundam entals agree 
w ith  the  conclusions o f  th e  p re se n t work. However, t h e i r  c a lc u la tio n s  
f a i l  to  p re d ic t  the band a t  1295 cm“i ,  whii'h in  th e  p re sen t work was 
found to  be the  s tro n g e s t band in  the Raman s p e c tra , a p a r t from the  C-H 
s t r e tc h in g  bands.
In  F igure 3 the frequency reg io n s determ ined by th e  various 
workers a re  compared. Brown, Sheppard, and Simpson determ ined the reg io jis  
e m p ir ic a lly  by c o r re la t io n  of a s e r ie s  o f s p e c tra , as d id  Tscharnier.
The reg io n s in d ic a te d  f o r  Tschamler*s work were tak en  from h is  a ss ig n ­
ments fo r  decane. The reg io n s in d ic a te d  f o r  o th e r workers a re  th e  r e ­
s u l t s  o f t h e i r  c a lc u la t io n s . K ellner and Sim anouti and Mizushima ca lcu ­
la te d  only those  frequencies fo r  which th e  r e p e a t  u n its  o f th e  chain  
v ib ra te  in  phase©
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Figure 3. Frequency Ranges  of the Symmetry Vibrations
CHAPTER I I I
EXPERBENTAL WORK
Samples
The samples were a l l  ob ta ined  from P h i l l ip s  Petroleum  Company* 
A l i s t  and b r i e f  d e sc r ip tio n s  o f them fo llo w :
Normal Octacosane: n-'C28H^g (Eastm an); S-1810,
Normal H exatriacontane : n-C^^Hy/^; S-2109*
Venezuela Wax: This i s  a m ixture o f p a ra f f in s  o ccu rrin g  in
crude o i l  from V enezuela. The p a ra f f in s  a re  b e liev ed  to  be la rg e ly  
s t r a ig h t- c h a in  and to  co n ta in  from 25 to  40 carbon atom s.
S te a r ic  Acid, C .P .: CH^(CH2)i6C00H (F is h e r ) ;  l o t  No. 533766.
M arlex 20 ( P h i l l ip s ) ;  S-2419* This i s  a po lyethy lene  w ith  
" v is c o s ity  m olecular w eight" 10*12000, w ith  about 12 m ethyl groups p e r 
1000 carbon atoms and about one C:C bond p e r m olecu le . I t  i s  about 90^ 
c r y s t a l l in e .
M arlex 50 ( P h i l l ip s ) ,  F 480; S -304O. This i s  a po lyethy lene  
w ith  one C:C bond p e r m olecule, alm ost e x c lu s iv e ly  in  a v in y l end group. 
There i s  le s s  th an  one m ethyl group per 5OO carbon atom s. I t  i s  about 
93^ c r y s t a l l in e .  No r e l i a b le  va lue  fo r  th e  m olecu lar w eight has y e t bee:i 
determ ined, but i t  i s  b e liev ed  to  be g re a te r  than  5^000. Some of the  
f i r s t  ejç)osures were made on a sample o f low er p u r i ty ,  S-2684*
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Hydrogenated M arlex 50 ( P h i l l ip s ) ;  S-3991. A sample o f the  
ba tch  o f M arlex 50 (S-3992) from which i t  was p repared  was a ls o  provided.
DYNH (B a k e li te ) ;  b lend 1052. This i s  a po lyethy lene  w ith  v is ­
c o s i ty  m olecu lar w eight around 21,000, having about 26 o r 30 m ethyl grou}|)s 
p e r 1000 carbon atoms and a c r y s t a l l i n i t y  o f about 50-65%.
Techniques 
Raman S pectra
The Raman spectrograph  and the procedure f o r  m easuring th e  
s p e c tra  have been described  e lsew h ere .^  S p ec tra  o f th e  samples in  the 
s o l id  s t a te  were ob ta ined  w ith  an i r r a d ia t io n  appara tus fo r  c r y s ta l  pow­
ders described  e lsew h ere .^  The p a ra f f in s  and s t e a r ic  ac id  were c r y s ta l ­
l in e  powders and were used in  the  s t a te  in  which th ey  were re c e iv e d .
The polymers were rece iv ed  in  the form of ex truded  p e l l e t s  and were 
chopped in to  sm all p ieces w ith  a ra z o r  b lade u n t i l  th e  average dimension 
was around one h a l f  m ill im e te r . M arlex 20 was b r i t t l e  enough so th a t  i t  
could be crushed in to  a f in e  powder w ith  a m ortar and p e s t le .  The samples 
were p laced  in  Raman tubes 8 mm in  d iam eter. Exposure tim es around 100 
hours were n ecessa ry  to  o b ta in  the most complete s p e c tra . C onsiderable 
background was encountered  in  a l l  th e  s p e c tra .
Some o f the  background was found to  be caused by f lu o re s c e n t 
im p u r it ie s . A ttem pts were made to  remove the f lu o re sc e n t im puiâty  from
^Sm ith, N ie lsen , and C laassen , J .  Chem. Phys. 326 (1950)#
Rud N ie lsen , S pectroscop ic  P ro p e r tie s  o f F luorocarbons and 
F lu o rin a te d  ^ d ro c a rb o n s , T h ird  P rogress R eport on Work Under C o n trac t 
No. A T -(40-l)-1074  w ith  th e  Ü. S . Atomic Energy Commission D iv is io n  of 
^Hesea2*ch~CNermaai7Tlkla^^
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the sample of hydrogenated M arlex 50. I t  was found th a t  a thorough washy 
in g  w ith  reag en t grade carbon te t r a c h lo r id e  removed most o f the  f lu o re s ­
cence, and a lo n g e r exposure was a ttem p ted . T his s t i l l  was n o t s a t i s ­
fa c to ry , presum ably on account of the  coarse p a r t i c l e  s iz e .
F a ir ly  complete sp e c tra  were ob ta ined  of n-Ü2gH^gj, 
s t e a r ic  a c id , Venezuela wax, M arlex 20, and M arlex 50. Only the  s tro n g e s t 
bands o f DYNH were observed . A 300 hour exposure of hydrogenated M arlex 
50 d id  n o t y ie ld  any new in fo rm atio n  over a 100 hour exposure o f M arlex
50.
An a ttem p t was made to  grow a s in g le  c r y s ta l  o f s t e a r ic  a c id , 
by pass in g  a sample in  a Raman tube through a tem perature g ra d ie n t. A 
s p e c ia l  screw a tta c h e d  to  the hour hand s h a f t  of- an e l e c t r i c  c lock  mecha­
nism allowed th e  sample to  be advanced about an inch  a week. The spec­
trum , however, had p ro h ib it iv e  background presumably caused by a f lu o r é s -  
cen t im p u rity .
Repeated a ttem p ts  were made to  o b ta in  Raman sp e c tra  o f the 
samples in  the l iq u id  s t a t e .  Raman tubes were wrapped w ith  nichrome 
w ire , in  such a way th a t  th e  tu rn s  were spaced from I /4  to  I /8  in ch  
a p a r t .  I t  proved to  be d e s ira b le  to  space them c lo s e r  to g e th e r  n ea r the  
window than  th ey  were spaced on th e  r e s t  o f the  tu b e . Enough c u rre n t 
was passed through th e  c o i l  to  keep th e  sample com pletely  m elted , partic iji- 
l a r l y  around the window. T his re q u ire d  from 1 .5  to  3 amperes. 7/hen the  
c u rre n t was much in  excess o f  th re e  amperes bubbles would form in  th e  
sample. The exposures were made w ith  an i r r a d ia t io n  appara tus f o r  l iq u id s
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which has been described  e lsew h ere .3* On account o f the h ea tin g  w ires 
wrapped around the tu b e , i t  was n ecessary  to  have the aluminum f o i l  r e ­
f l e c to r  s tan d in g  o f f  from th e  Raman tube ra th e r  than  wrapped d i r e c t ly  
around i t  a s  u su a l. This was accom plished by re v e rs in g  the  p la s t i c  bush-- 
in g s  which ho ld  the Raman tu b e , so th a t  th 3 i r  shou lders were in s id e  the 
ap p a ra tu s .
M arlex 50 and DYNH were so viscuous th a t  th ey  would no t f i l l  a 
Raman tube un iform ly . A ttem pts were made to  o b ta in  the sp e c tra  o f Marlex 
20, Venezuela wax, and ^  the l iq u id  s t a t e .  P ro h ib it iv e
background was encountered in  a l l  c a se s . Only in  Venezuela wax were any 
bands observed o th e r than  those  in  th e  C-H s t r e tc h in g  reg io n . The f r e ­
quencies, l i s t e d  in  Table I I I ,  were found on film s from exposures o f 
tw enty m inutes and of two h o u rs . A one-hour exposure o f l iq u id  C^^Hy^ 
showed th re e  bands, f o r  which v is u a l measurement o f  th e  o r ig in a l  f i lm  
gave the freq u en c ie s  28^1, 2884, and 2923 cm~^. The l a t t e r  two were 
about e q u a lly  in te n se  and the  f i r s t  one was s tro n g e r  and broad . A one- 
hour exposure of l iq u id  M arlex 20 showed only one band w ith  c e r ta in ty ,  
n ea r 28$4 cm "l. There was evidence o f a d if fu se  band around 2920 cm*“l .
There fo llow s a l i s t  o f the  exposures th a t  were made in  th e  
a ttem pt to  o b ta in  Raman d a ta . Many o f them were n o t s a t i s f a c to r y  on ac­
count of background or inadequate exposure tim e. Those from which f r e ­
quencies were determ ined a re  marked by an a s te r i s k .  Except in  those 
cases noted o therw ise , a sodium n i t r i t e  so lu tio n  was used as f i l t e r .
3 j .  Rud N ie lsen , S pectroscop ic  P ro p e r tie s  o f F luorocarbons and 
F lu o rin a ted  Hydrocarbons, T hird  P rogress Report on Work Under C on trac t
N€s-^A^(40-"i^l074-:with-the-U^—S^- Atnmî c Energy Commission D iv is io n  o f  .



























DYNH, two p e l l e t s ;  30 m in. (12-9-54)• 
DYNH, two p e l l e t s ;  2 h r s .  (12-9-54)• 
DYNH, one p e l l e t ;  30 m in. (12-10-54)* 
DYNH, one p e l l e t ;  2 h r s .  (12-10-54)*
Marlex 50 (S-2684 
M arlex 50 (S-2684 
Marlex 50 (S-2684 
Marlex 50 (S-2684 
M arlex 50 (S-2684 
Marlex 50 (S-2684
Marlex 50 (S-2684
, s o l id ;  30 min. (12-20-54)* 
, s o l id ;  2 h r s .  (12-20-54)*
, s o l id ;  30 min. (12-22-54)* 
, s o l id ;  2 h r s .  (12—22—54)*
, s o l id ;  5 h r s .  (12-22-54)*
, s o l id ;  10 h r s .  (12-23-54)* 

























30 min. (1 -4 -5 5 ).
8 h r s .  (1 -4 -5 5 ).
32 h r s .  (1 -6 -5 5 ). 
30 min. (1—10—3 5). 
12 h r s .  (1 -1 1 -5 5 ). 
30 min. (1 -1 1 -5 5 ). 
7 h r s .  (1 -1 1 -5 5 ). 
24 h r s .  (1 -1 2 -5 5 ).
12 h r s .  (1- 13- 55) .
42 m in. (1—28—55) .  
26 h r s ,  (1 -2 9 -5 5 ).
43 h r s .  .(2 -2 -55 ).
108 h r s .  (2 -7 -5 5 ).
M arlex 20, l iq u id ;  10 m in. (2 -1 5 -5 5 ).
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1325. M arlex 20, l iq u id ;  10 min. (2 -1 5 -5 5 ).
1526. M arlex 20, l iq u id ;  1 1 /2  h r .  (2 -1 5 -5 5 ).
1527. M arlex 20, l iq u id ;  5 h r s .  (2 -1 5 -5 5 ).
1528. Marlex 20, l iq u id ;  10 min. (2 -2 2 -5 5 ).
*1529. M arlex 20, l iq u id ;  55 min. (2 -2 2 -5 5 ).
1530. CCl^, l iq u id ;  5 m in. (2 -2 3 -5 5 ).
1531. M arlex 20, l iq u id ;  1 h r .  10 m in. (2 -2 3 -5 5 ).
1532. M arlex 20, l iq u id ;  4 h r s .  15 min. (2 -2 4 -5 5 ).
1533. CCI,, l iq u id ;  5 m in. (2 -2 4 -5 5 ).
1534. M arlex 20, l iq u id ;  4 h r s .  (2 -2 5 -5 5 ).
1535. M arlex 20, l iq u id ;  5 1 /2  h r s .  (2 -2 5 -5 5 ).
1539. M arlex 20, l iq u id ;  4 h r s .  (3 -1 0 -5 5 ).
1540. M arlex 20, s o l id i f i e d  from m e lt; 46 h r s .  (3 -1 3 -5 5 ).
1541 . M arlex 50 (S -2684), s o l id i f i e d  from m e lt; 1 h r .  (3 -1 6 -5 ^ ).
1542. M arlex 50 (S-2684), s o l id i f i e d  from m e lt; 1 1 /2  h r .
(3 -18-55).
1561 . M arlex 20, powdered; 4 h r s .  15 min. (4 -1 1 -5 5 ).
1562. M arlex 20, powdered; 30 h r s .  (4 -1 2 -5 5 ).
*1563. M arlex 20, powdered; 102 h r s .  (4 -1 8 -5 5 ).
1574. DYNH, chopped; 1 1 /2  h r .  (4 -2 5 -5 5 ).
1575. DYNH, chopped; 2 1 /2  h r s .  (4 -2 6 -5 5 ).
1576. DYNH, chopped; 2 h r s .  (4 -2 7 -5 5 ).
*1577. DYNH, chopped; 62 h r s .  (4 -3 0 -5 5 ).
*1578. Venezuela wax, powder; 22 1 /2  h r s .  (5 -3 -5 5 ).
1579. M arlex 50 (S -304O), chopped; 1 h r .  (5 -1 0 -5 5 ).
f i l t e r #
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*1580. M arlex 50 (S-3040), chopped; 42 h rs . (5 -12 -55 ).
*1581. M arlex 50 (S-3040), chopped; 105 h rs . (5 -1 7 -5 5 ).
*1582. M arlex 50 (S-3040), chopped; 114 h rs . (5 -22-55); HgO
2 h r s .  (6 -2 -5 5 ).
20 min. (6 -2 -5 5 ).
4 min. (6 -2 -5 5 ).
2 1 /2  h r s .  (6 -3 -5 5 ); % 0 f i l t e r ,  
25 min. (6 -3 -5 5 ); H2O f i l t e r .
*1585. Venezuela wax, l iq u id  
*1586. Venezuela wax, l iq u id
1587. Venezuela wax, l iq u id
1588. Venezuela wax, l iq u id
1589. Venezuela wax, l iq u id
1590. l iq u id ;  20 min. ( 6- 27- 55) .
1591. C36H74, l iq u id ;  1  1 /2  h r .  (6 -2 7 -5 5 ).
1602. S te a r ic  a c id , powder; 7 h r s .  (7 -29 -55 ).
1608. C34H74,  l iq u id ;  30 min. (9- 23- 55) .
1609. C36H74, l iq u id ;  5 h r s .  (9 -2 3 -5 5 ).
*1610. C36H74 , l iq u id ;  1 h r .  (9 -2 6 -5 5 ).
1611. C36H74, l iq u id ;  3 h r s .  (9 -27 -55); HgO f i l t e r ,
1612. C36H74 , l iq u id ;  10 h r s .  (9 -28 -55 ); HgO f i l t e r .
1613. CggH^g, l iq u id ;  1 h r .  (10- 20- 55) ;  HgO f i l t e r .  
161A. CggHgg, l iq u id ;  1 h r .  (10-20-55); HgO f i l t e r .
1615. CggHgg, l iq u id ;  14 min. (10-20-55); H2O f i l t e r .
1616. CggHgg, l iq u id ;  14 min. (10-20-55); HgO f i l t e r .
1617 . CggH^g, l iq u id ;  14 min. (10-20-55); % 0 f i l t e r .
1623. S te a r ic  a c id , c r y s ta l l iz e d ;  1 h r .  (10-29-55).
1624. S te a r ic  a c id , c r y s ta l l iz e d ;  1 h r .  (10-29-55).
1625. S te a r ic  a c id , c r y s ta l l iz e d ;  9 h r s .  (10-29-55).
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1626. S te a r ic  a c id , powder; 1 h r .  (10-31-55)#
*1627* S te a r ic  a c id , powder; 102 h r s .  (11-4-55)•
1631. Hydrogenated M arlex 50, chopped; 17 h r s .  (1 2 -3 -5 5 ).
1632. Hydrogenated M arlex 50, chopped; 4 1 /2  h r s .  (1 2 -6 -5 5 ).
1633. Hydrogenated M arlex 50, chopped; 14 h r s .  (1 2 -7 -5 5 ).
1634. Hydrogenated M arlex 50, chopped; 195 h r s .  (12-14-55).
143p. Hydrogenated Marlex 50, chopped; 6 h r s .  (12-20-55); no
f i l t e r .
144p. Hydrogenated M arlex 50, chopped; 9 h r s .  (12 -21 -55).
145p . Hydrogenated M arlex 50, chopped; 293 h r s .  (1 -3 -5 6 ).
In f ra re d  S p ec tra  
In f ra re d  s p e c tra  o f a l l  the  samples except s t e a r ic  a c id  were 
a v a ila b le  from th e  Research L aboratory  o f P h i l l ip s  Petroleum  Company. 
These were ob ta ined  w ith  a Perkin-E lm er Model 21 sp ec tro g rap h  w ith  sod iuà 
ch lo rid e  p rism . V arious c e l l  th ick n esses  and tem pera tu res were used .
The in f r a r e d  spectrum of Marlex 50 was ob ta in ed  here w ith  a 
Perkin-E lm er Model 112 spectrograph  w ith  l i th iu m  f lu o r id e  and sodium 
c h lo rid e  p rism s. The sample was in  th e  form of f ilm s , moulded a t  325°F, 
provided by P h i l l ip s  Petroleum  Company. The th ick n esse s  o f the th re e  
film s were 0.345 mm, O.IO3 mm, and around O.OI6 mm. A th in n e r  f i lm  was 
re q u ire d  to  re so lv e  the  C-H s t r e tc h in g  bands. The P h i l l ip s  la b o ra to ry  
provided  a f ilm  d ep o sited  from a ho t nonane s o lu t io n . C a lc u la tio n  based 
on the form ula lo g  ( I q / I )  = k t ,  a t  the peak between the  ab so rp tio n  maxima, 
in d ic a te d  th a t  the th ick n ess  was about th re e  m icrons.
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R esu lts
In  Table I I I  a re  g iven  the Raman s h i f t s  observed fo r  the  s o l id  
samples and fo r  l iq u id  Venezuela wax. In  F igure 4 th e  Raman sp e c tra  o f 
C36H74 and M arlex 50 a re  reproduced. Most of th e  bands in  the s o l id  
s ta te  sp e c tra  were r a th e r  sh a rp . In  l iq u id  Venezuela wax th ey  were a l l  
d i f f u s e •
The bands o f n-CggH^g were measured on th e  enlargem ent o f  ex­
posure No, 1492, The bands o f were measured on the  enlargements;
o f exposures No, 1514 and No, I 5I 5# The two s tro n g e s t bands were a ls o  
measured as s h i f t s  from the k - l in e  on exposure No, 1515* The bands o f 
M arlex 20 were measured on th e  enlargem ent of exposure No, 1563* The 
bands o f Marlex 50 were measured on enlargem ents o f exposures No, I 58O 
and No, 1581, The s h i f t s  o f  1061, 1131, 1295, and 2883 cm"^ were a ls o
I
measured as s h i f t s  from the  k - l in e  on th e  enlargem ent o f  exposure No. 
1582. The bands f o r  s t e a r ic  a c id  were measured from th e  enlargem ent o f 
exposure No, 1627* The bands re p o rte d  fo r  s o l id  Venezuela wax and DÎNH
j
were measured v is u a l ly  from th e  o r ig in a l  f ilm s  of exposures No, 1578 and 
No, 1577, r e s p e c t iv e ly . The bands fo r  l iq u id  Venezuela wax were found 
on exposures No, 1585 and No, 1586,
F igures 5 and 6 show the in f r a re d  spectrum  o f M arlex 50, The 
freq u en c ies  are  l i s t e d  in  Table VII in  th e  n ex t c h a p te r .
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TABIE I I I  
RAMAN DATA
n-CggHgg n-C36H74 M arlex 20 M arlex 30 S te a r ic  Acid
C ry s t. C iy s t. Chopped Chopped C ry s t.
Powder Powder S o lid S o lid Powder
893 vw 890 w
1042?
1066 m 1063 m 1063 m 1061 m 1062 m
1133 m 1133 m 1132 m 1131 m 1130 m
^1170 v w 1171 vw 1171 vw 1168 w 1170 w
1297 s 1294 s 1293 8 1295 8 1298 s
1377 w
1419 w I 4I 8 m 1419 w 1413 w 1412 m
1442 m 1441 m 1441 ^ 1440 m 1439 m
1463 w 1466 w,b 1464 w,b 1464 w,b 1464 w
2723 vw 2721 vWjb 2722 v w /V 2720? ww
2849 v s ,b 2830 v s ,b 2848 v s ,b 2848 v s ,b 2849 vs
2886 w s 2884 w s 2883 w s 2883 w s 2883 w s
2936 w,b 2932 w 2932 w 2928 m,b
2966 w
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I 4I 8 w
1435 m
1460 w 
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F igure  6.
CmPTER 17
INTERPRETATION OF RESULTS
Comparison o f S p ec tra  o f P a ra f f in s  
and P o lyethy lenes
Raman S pectra
In  F igure 7 the  d a ta  f o r  c r y s ta l l in e  p a r a f f in s ,  CH^(CH2)N^H^ i 
a re  p lo t te d  as wave number versus the number N o f m ethylene groups. At 
th e  bottom i s  the  Raman spectrum  of M arlex 50. The d a ta  fo r  the  sh o r t  
chains (N = 14) were re p o rte d  by Mizushima and S im anou ti.^
The Raman band a t  890 cm"! becomes weaker w ith  in c re a s in g  chaiJi 
le n g th , and could n o t be d e te c te d  in  our s p e c tra  o f polym ers. The f ig u re  
does no t show a band which occurs a t  425 cm"l in  butane and s h i f t s  toward 
lower frequency w ith  in c re a s in g  chain  le n g th , u n t i l  i t  i s  a t  150 cm“l  in  
c e ta n e . This band was n o t observed in  any o f th e  compounds examined in  
th e  p re se n t work. In  c a lc u la t io n s  which g ive good agreem ent w ith  t h e i r  
experim ental d a ta , Mizushima and Sim anouti^ co n sid e r th e se  two bands to  
be due to  v ib ra tio n s  o f th e  carbon sk e le to n . From th e i r  c a lc u la tio n s  
th ey  conclude th a t  the  low er frequency i s  an a c o u s t ic a l  deform ation
^T. Sim anouti and S . Mizushima, J .  Chem. Phys. 17, 1102 (1949) »
% . Mizushima, S tru c tu re  of M olecules and I n te r n a l  R o ta tio n  
(New York: Academic P re s s , I n c . ,  19547, PP. 111^115•
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Figure 7. Compar i son  of  the Raman S p e c t r o  o f  C r y s t o l l i n e
P o r o f f i n s  o n d  M o r i e x  5 0
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corresponding  to  lo n g itu d in a l v ib ra tio n  of a ro d , and th a t  th e  h ig h er 
frequency i s  due to  a symmetric s t re tc h in g  v ib ra t io n  o f th e  ch a in . As 
the chain  le n g th  becomes i n f i n i t e ,  the form er v ib ra t io n  becomes a t r a n s ­
l a t io n .  In c re a s in g  ciiain le n g th  should n o t a f f e c t  the frequency  and 
in te n s i ty  o f a symmetric s t r e tc h in g  v ib ra t io n . S ince the 890 band i s  
q u ite  prominent in  sh o r t chain  p a ra f f in s  and has n o t been observed in  
p o ly e th y len es , i t  may be a sso c ia te d  w ith  the m ethyl group.
In  the  compounds examined in  th i s  in v e s t ig a t io n , Raman bands 
were found near 1168 cm”“̂  and 1416 cm~^, which have never been re p o rte d  
in  sp e c tra  o f normal p a ra f f in s  (a Raman band has been re p o r te d  a t  H ? 6  
in  o c ta n e ) . A band n ea r 1416 cm"^ i s  re p o rte d  in  many norm al o le fin s*
The band n ea r 1168 cm"^ i s  v e ry  weak and appeared c o n c lu s iv e ly  only  in  
the  lo n g e s t exposures.
E xcept fo r  some weak bands in  the  C-H s tr e tc h in g  reg io n , th e re  
seems to  be l i t t l e  o th e r d if fe re n c e  between th e  Raman s p e c tra  o f the  
polymers and of long chain  p a r a f f in s .  Longer exposure tim es were neces­
sa ry  to  g e t as much d e t a i l  in  th e  polymer s p e c tra  as in  th e  p a ra f f in  
s p e c tra . The in te n s i ty  r a t io  o f the sp e c tra  o f  n -octacosane and M arlex 
$0 appears to  be in  th e  order o f 3 to  1 , bu t i t  i s  hard to  judge t h i s  on 
account o f g re a te r  background in  the  polymer spectrum .
In f ra re d  S pectra  
Bands In  polymers O ther Than Chain Fundam entals. Polyethylene;i 
co n ta in  sm all percen tages of u n sa tu ra te d  lin k a g e s . In  p r a c t i c a l l y  a l l
M arlex 50 m olecules one end group i s  a v in y l group. M arlex 20 has some 
double bonds in  the  ch a in s , w ith  t r a n s  c o n fig u ra tio n . Double bonds w ith
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c is  c o n fig u ra tio n  and dang ling  v in y l groups may a ls o  occur. U n sa tu ra tio n  
accounts fo r  about 4#%  of the  carbon-carbon lin k a g e s  in  M arlex 20 and 
about 1 .4 ^  in  M arlex 50. A bsorption  bands c h a r a c te r i s t ic  o f the  v a rio u s  
u n sa tu ra tio n  s t ru c tu re s  in  po lyethy lene have been ass ig n ed  by C ross, 
R ichards, and W il l i s >3 T h eir in te r p r e ta t io n s  a re  used in  Table VII f o r  
the th re e  bands found a t  908, 964^ and 990 cm~^ in  M arlex 50. A band a t  
1640 was a ls o  a t t r ib u te d  to  the presence of the 0 :0  bond. C ross, R ichards, 
and W illis  a t t r ib u te  bands found n ear 1?20 and 33^0 to  the  carbonyl group 
and a lc o h o lic  OH group re s p e c t iv e ly . These correspond to  bands found a t  
1734 and 3371 in  M arlex 50. I f  th e re  were carboxyl groups one would ex­
p ec t a band near 1200 cm”l  b u t none i s  observed in  M arlex 50. The in f r a ­
red  spectrum  of hydrogenated M arlex 50 was ob ta ined  a t  the  Research Labo­
ra to ry  o f P h i l l ip s  Petroleum  Company by A. 0 . F re n z e l.^  Three o f the  
o le f in ie  freq u en c ies  d isap p ea r. The band a t  1640 cm"^ rem ains, b u t w ith  
reduced in te n s i ty .  The band a t  1734 cm“^ appears to  in c re a se  in  the  
hydrogenated M arlex 50. The band a t  1378 cm"" ,̂ a ss ig n ed  to  th e  m ethyl 
group, i s  somewhat s tro n g e r in  hydrogenated M arlex 50. The change of 
in te n s i ty  o f the  in f r a re d  band a t  890 cm”!  i s  n o t c le a r ;  i t  appears to  
in c rease  somewhat in  th e  hydrogenated sam ple. This band appears to  be 
independent of th e  Raman a c tiv e  band w ith  th i s  frequency which i s  observed 
in  sh o r t chain  p a r a f f in s .  Brown, Sheppard, and Simpson^ f in d  i t  to  be 
p o la r iz e d  p erp en d icu la r to  the  chain  axes in  n-nonadecane and in t e r p r e t
3cro ss , R ichards, and W il l i s ,  D isc . Faraday Soc. 9 , 235 (1950) ► 
0. F ren ze l, p r iv a te  communication.
%rown, Sheppard, and Simpson, T rans. Roy. Soc. (London) A,
[2 4 2 , - 3 5 - 4 1 9 .5 4 ) - _____________
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j i t  as due to  an o u t-o f-p la n e  m ethyl rock ing  v ib ra t io n ,  P im entel and 
! Klemperer^ f in d  th a t  the corresponding  band in  n -o c tan e , a t  883 cm~^, 
s h i f t s  to  742 cm“*l in  n-octane 1 ,1 ,1 ,8 ,8 ,8-d^. This g ives an is o to p ic  
r a t io  o f 1 .2 0 , which le ad s  them to  suggest th a t  the band i s  due to  a 
mixed m ethyl and methylene m otion.
Comparison o f the  In f ra re d  S p ec tra  o f  Polye thy lene  s and P a ra f­
f i n s . ■Çîhen u n sa tu ra tio n  has been accounted f o r ,  the in f r a re d  sp e c tra  o f
polye th y len es , in  the  reg io n  from 700 to  1300 cm"* ,̂ a re  found to  be sim­
p le r  than  those  o f n - p a r a f f in s . Betvæen 750 and 1300 cm"^ th e re  a re  no t 
more than  a h a lf  dozen weak bands. The band a t  1378 cm~l i s  weaker in  
the polymers th an  in  th e  p a r a f f in s .  In  M arlex $0 i t  appears a t  most as 
a sh o u ld er. As no ted  b e fo re , the bands a t  I 368 cm“^ , 1352 cm**̂ , and 
1305 cm”^ appear in  s o l id  polymers but n o t i n  s o l id  p a r a f f in s .  I n  l iq u id s  
the  1368 and 1352 cm“^ bands a re  of n e a rly  eq u a l in t e n s i ty .  In  s o l id s  
th e  1368 cm"”̂  band i s  s tro n g e r . T heir i n t e n s i t i e s  in  DYNH (around 50-60^ 
c r y s ta l l in e )  a re  g re a te r  than  in  M arlex 50 (91% c r y s t a l l in e ) ,  which i s  
c o n s is te n t w ith  th e  in te r p r e ta t io n  th a t  th ey  a re  a s so c ia te d  w ith  th e  
amorphous phase.
Assignment of the  Fundamentals o f 
an I s o la te d  Methylene Chain 
The assignm ent of fundam entals o f the  m ethylene chain  w i l l  now 
be d iscussed  in  term s of the l in e  group approxim ation and symmetry v i ­
b ra tio n s  d esc rib ed  in  Chapter I I .  This method, howevur, i s  no t adequate 
to  in te r p r e t  the spectrum o f p o ly e th y len e , s in ce  i t  co n sid ers  on ly  those
____________C. Pimentel and W. A. Klemperer, J. Chem. Phys. 23, 376
(1955).
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n o n -u n it c e l l  v ib ra tio n s  which have wave number v e c to rs  p a r a l l e l  to  the  ;
i
chain a x is .  In  the next s e c tio n  the space group approxim ation w i l l  be j 
used to  in te r p r e t  the v ib ra tio n  sp e c tra  of M arlex 50.
I
Raman A ctive Fundamentals 
The consensus o f the  c a lc u la tio n s  and em p irica l c o r re la t io n s  
o f p a ra f f in  sp e c tra , which were d iscu ssed  in  C hapter I I ,  i s  th a t  th e  
m ethylene rock ing  and s k e le ta l  deform ation modes have freq u en c ies  which 
a re  below 1200 cm"^. Three bands a re  observed in  th i s  reg io n  i n  th e  Ramin 
spectrum  o f M arlex 50. They may th e re fo re  be a ss ig n ed  as the  a^  and bgg 
s k e le ta l  modes and the b^g m ethylene rock ing  mode. A c lue  to  th e  order 
o f assignm ent i s  given by th e  band a t  1894 cm” l  in  th e  in f ra re d  spectrum  
of c r y s ta l l in e  M arlex 50. I t  i s  p o la r iz e d  p e rp en d icu la r  to  th e  ch a in  
a x is ;  i t  th e re fo re  belongs to  f a c to r  group sp ec ies  o r B^^. I t  can 
be in te rp re te d  as a com bination o f the 725 ceT^ in f r a re d  a c tiv e  band and 
the  1168 cm“^ Raman a c tiv e  band. The in f ra re d  band has been ass ig n ed  as 
the  b2^ m ethylene rocking  mode. T herefo re , i f  th e  1894 cm”^ band i s  a 
com bination o f  f a c to r  group v ib ra t io n s ,  the 1168 cm""  ̂ band must be due 
to  a mode o f sp ec ie s  ag o r b%g fo r  th e  com bination to  be B2u o r B^^.
This ru le s  ou t i t s  being a tw is tin g  or wagging fundam ental. S ince the 
b2g s k e le ta l  mode invo lves more s t r e tc h in g  of the C-C bond, a g re a te r  
energy change would be expected  to  be a s so c ia te d  w ith  th e  b2g mode and 
th e re fo re  a h ig h er frequency . However, p o la r iz a tio n  d a ta  would be neces 
sa ry  to  check t h i s .  Assignment c o n s is te n t w ith  th ese  two arguments pu ts  
the ag s k e le ta l  mode a t  106l ,  th e  b2g s k e le ta l  mode a t  I I 3I ,  and the  b^g
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I  n  "* ■  1̂  I I  I — fc  • ' —  ■ ■ ■ ! ■ ■  ! ■  ■ ■ 111.  I " "  II ■ ■ ' ' ' ■  • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I me thy lene rock ing  mode a t  1168 cm"^. L iang, S u th e rlan d , and Krimm^ have
!
I c a lc u la te d  the ag and b2g s k e le ta l  modes to  be 10?0 and 1137 cm” l  respec
I t i v e ly .
I
I Four bands were observed in  the Raman spectrum  between 1200
and 1500 cm"^, where th re e  Raman a c tiv e  fundam entals a re  expected  to  oc­
c u r. The f i r s t  overtone of the in f ra re d  a c tiv e  band n ear 725 cm”l  would 
a lso  f a l l  in  th i s  re g io n . The consensus o f th e  th e o r e t ic a l  c a lc u la tio n s  
and em p irica l c o r re la t io n s  d iscussed  in  C hapter I I  i s  th a t  the two meth­
ylene deform ation fundam entals have the h ig h e s t freq u en c ie s  o f funda­
m entals in  th i s  reg io n  and th a t  t h e i r  frequency range does n o t overlap  
th a t  o f any o th e r type o f fundam ental. The in f r a r e d  band near 1470 cm”l  
has long  been in te rp re te d  as the b^^ methylene deform ation fundam ental, 
so the ag methylene deform ation fundam ental i s  a ss ig n ed  to  th e  Raman band 
a t  1440 cm“^ . The Raman band a t  1464 cm”^ i s  in te rp re te d  as the  overtone 
o f the in f ra re d  band near 725 cm““̂ . This i s  a  h ig h e r frequency than  
would be eaqDected fo r  the overtone, bu t some Fermi resonance would be 
expected to  occur between i t  and the deform ation  fundam ental, s in ce  th ey  
are  o f the  same sp e c ie s . This allow s the  sh a rp e r , more in te n se  band to  
be ass ig n ed  as more n e a r ly  a fundam ental.
There remain the  two bands a t  1295 cm"*l and 1415 cm"^ to  be 
assig n ed  as the bgg methylene wagging and b^g m ethylene tw is t in g  funda­
m en ta ls . There i s  a band a t  2016 cm“"^ in  the in f r a re d  spectrum  which
i
jean be in te rp re te d  as the  com bination 725 t- 1295* I t  i s  p o la r iz e d  p a ra i  
l e i  to  th e  chain , th e re fo re  belongs to  sp ec ies  B%^. The 725 cm“l  band
^Liang, Sutherland, and Krimm, J. Chem. Phys. 22, I468 (1954).
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i s  in te rp re te d  as  a b2^ fundam ental, th e re fo re  i f  the  2016 cm*“̂  band i s  
the com bination o f  two f a c to r  group modes, th e  1295 band must be a
b^g fundam ental, i . e . ,  methylene tw is tin g . This i s  in  agreement w ith  
the  assignm ents o f  Brown, Sheppard, and Simpson.®
The two Raman a c tiv e  C-H s tre tc h in g  fundam entals a re  r e a d i ly  
assigned  to  the  two s tro n g  bands a t  2848 cm”^ and 2883 cm“"^. The sym­
m e tric  (ag) mode i s  in te rp re te d  as the  lower frequency and the asymmetric 
(b ig ) mode i s  in te rp re te d  as the h ig h er frequency .
In f ra re d  A ctive Fundamentals 
The fo u r s tro n g  in f ra re d  bands have been given the same i n t e r ­
p re ta t io n  here as by o th e r w orkers, i . e . ,  725 cm“^ i s  th e  b2u m ethylene 
rock ing  fundam ental, 1468 cm“^ i s  th e  b^^ methylene deform ation  funda­
m ental, 2851 cm”l  i s  th e  symmetric C-H s t r e tc h in g  fundam ental (b^^), and 
2919 cm"^ i s  the asymmetric C-H s t r e tc h in g  fundam ental 0>2u)* C onsider­
a tio n  o f  com bination bands d id  not y ie ld  any d e f in i te  in fo rm atio n  about 
th e  b iu  methylene wagging o r au m ethylene tw is tin g  fundam entals. A few 
bands can be exp lained  as com binations w ith  th e  bands a t  1306, 1352, o r 
1368 cm”^ , which le ad s  to  th e  co n jec tu re  th a t  th ese  th re e  bands m ight 
inc lude  the  tw is tin g  and wagging fundam entals fo r  the amorphous phase, 
and p o ss ib ly  mask the  corresponding b^^ band o f c r y s ta l l in e  po lye thy lene
In te rp re ta t io n  of the S o ec tra  o f M arlex 50 
"When we pass from co n sid e ra tio n  o f an i s o la te d  m ethylene cha in , 
under the  l in e  group approxim ation, to  a c r y s ta l  o f m ethylene chains under
®Brown, Sheppard, and Simpson, T rans. Roy. Soc. (London) A, 
1247-^3-5419-54)-.---------------------------------------------------------------------------------------
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the  space group a n a ly s is ,  each l in e  group fa c to r  group fundam ental becomes 
two u n i t  c e l l  group fundam entals o f the  c r y s ta l ,  s in ce  th e  two chains in  
a u n i t  c e l l  may v ib ra te  in  phase and ou t of phase. S p l i t t in g  i s  observeil 
in  the case o f  two in f ra re d  fundam entals, but has n o t been observed fo r  I
I
any o th e r bands ass ig n ed  as  fundam entals. Therefore each observed funda­
m ental i s  to  be ass ig n ed  two sp e c ie s , as shown in  Table IV. I t  w i l l  be 
n o tic e d  th a t  t h i s  removes the d is t in c t io n  w ith  reg ard  to  sp ec ie s  betv/een 
th e  bands a t  1295 and 1415. T heir l in e  group in te rp r e ta t io n s  a re  i n t e r ­
changeable under the  space group approxim ation. The same i s  t ru e  of the  
bands a t  1061 and 1168. Table V shows the  a c t i v i t y  re p re s e n ta tio n s  o f 
b in a ry  com binations under the space group approxim ation. S ince each ob­
served  band re p re se n ts  two v ib ra t io n s ,  a b in a ry  com bination has fo u r 
p o ss ib le  in te r p r e ta t io n s :  f i r s t  in -p h ase  component p lu s  second in -phase
component, f i r s t  in -p h ase  component p lu s  second o u t-o f-p h ase  component, 
f i r s t  o u t-o f-p h ase  component p lu s second in -phase  component, and f i r s t  
o u t-o f-p h ase  component p lu s  second o u t-o f-p h ase  component. An ex cep tio n  
occurs when th e  two freq u en c ies  o f th e  com bination a re  eq u a l, th en  the  
p o ss ib le  in te r p r e ta t io n s  a re :  f i r s t  overtone o f in -p h ase  component,
f i r s t  overtone o f o u t-o f-p h ase  component, and com bination o f in -p h ase  an& 
o u t-o f-p h ase  components.
The in te r p r e ta t io n  o f th e  Raman spectrum o f  M arlex 50 i s  g iven 
in  Table VI and th a t  o f th e  in f ra re d  spectrum  in  Table V II. Sums have 
been computed w ith  725 in  p lace  o f 720 and 731, 1468 in  p la c e  of I 463 
I and 1473> and somev/hat a r b i t r a r i l y  1359 in  p lace  o f 1352 and 1367. As 
was no ted  in  the p rev ious s e c tio n , a few bands can be exp la ined  as  combi- 
n a tio n s-jg ith -th e -b an d s . a t  1306^-13^52,—and I 368 cm~^, wh ich  lead s  t o ih e .
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co n jec tu re  th a t  th e se  bands inc lude  th e  iffagging and tw is t in g  fundam entals
i
fo r  th e  amorphous phase . The sequence of bands observed in  p a ra f f in s  and
I
f a t t y  a c id s  between 1180 and I 3OO cjn“ ^ , thought to  be a s so c ia te d  w ith  th e  
bjxi fundam ental, was n o t d is c e rn ib le  in  th e  sp e c tra  o f p o ly e th y len es . 
Evidence c i te d  e a r l i e r  in d ic a te d  th a t  the  sep a ra tio n  o f th e  bands was a 
fu n c tio n  of chain  le n g th , becoming le s s  fo r  lo n g er c h a in s . I f  t h i s  tre n d  
con tinues up to  chains o f the  len g th  o f p o ly e th y len es , the  bands would 
be too c lo se  to g e th e r  to  be resolved*
In  th e  in f r a r e d  spectrum  o f lÆarlex 50 th e re  a re  a few very  weak 
bands w ith  the  same o r n e a r ly  the  same freq u en c ies  as some o f th e  Raman 
a c tiv e  bands. These a re  th e  bands a t  IO5O, 1077> 1131, and 1168 cm“^o 
They may be n o n -u n it c e l l  modes fo r  which the  wave number v e c to rs  d i f f e r  
l i t t l e  from th a t  fo r  u n i t  c e l l  fundam entals, i . e . ,  from ze ro . They may 
be weakly a c tiv e  in  the  in f r a re d  due to  th e  a c tu a l  f in i te n e s s  o f  chain
jlength (n o n -u n it c e l l  v ib ra tio n s  have zero  in te n s i ty  s t r i c t l y  o n ly  fo r
i n f i n i t e  ch a in s) o r due to  com bination w ith  very  low frequency l a t t i c e
modes having the  same wave number v e c to r .
The in te r p r e ta t io n s  o f the  b in a ry  com binations shown in  the 
ta b le s  f a l l  in to  th re e  c la s s e s :I
1 . B inary  com binations o f ass ig n ed  u n it  c e l l  group fundamen­
t a l s .  For th e s e , the  u -£  s e le c t io n  r u le  h o ld s , and s e le c t io n  ru le s  a re  
th o se  o f the u n i t  c e l l  group, isom orphic to  V|j. E ig h teen  bands can be
E xplained  in  th i s  way.
I
2. B inary  com binations in  which the  u-g r u le  does n o t h o ld .
I
IIn the in te r p r e ta t io n  ta b le  th ese  a re  enclosed  in  b ra c k e ts . They may
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be considered  to  be b in ary  com binations of n o n -u n it c e l l  fundam entals 
w ith  wave number v ec to rs  n e a r ly  equal to  zero . The s e le c t io n  ru le s  a re  
determ ined by the subgroups o f the u n i t  c e l l  group which leave  the  wave 
number v e c to rs  in v a r ia n t .  Table IV shows the re d u c tio n  o f  the  sp ec ie s  
o f  the  u n i t  c e l l  group in to  subgroups C2 , Cs, and C i, as w e ll as the  r e ­
duction  o f the  l in e  group f a c to r  group in to  subgroup C2y  In  the  column 
under k = 0 Table V shows the  u n it  c e l l  group re p re s e n ta tio n s  con tained  
in  the re p re s e n ta tio n  o f  such a com bination. I t  i s  seen th a t  a l l  such 
com binations may have both in f ra re d  and Raman a c t i v i t y .  Ten bands are 
exp lained  as com binations o f th i s  s o r t .
3* B inary com binations in v o lv in g  th e  co n jec tu red  fundam entals 
o f the amorphous phase. S ix  bands can be exp la ined  in  th i s  way*
I  In  summary, we f in d  th a t  o f s ix ty  observed in f r a r e d  bands, s ix
lean be in te rp re te d  as u n i t  c e l l  fundam entals, two as amorphous phasei
I  fundam entals, f iv e  as fundam entals o f end groups and o le f in ic  s t r u c tu r e s ,  
fo u r as non -u n it c e l l  fundam entals o r com binations o f such w ith  low f r e ­
quency l a t t i c e  v ib ra tio n s , e ig h teen  as  u -£  b in a ry  com binations, te n  as 
u -u  o r £ -£  b inary  com binations, and s ix  as com binations in v o lv in g  amor­
phous phase fundam entals. This leav es n ine bands w ithou t s a t i s f a c to r y  
in te r p r e ta t io n s ,  two o f which may be a t t r ib u te d  to  o x id a tio n .
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TABIE IV
REPRESENTATIONS OF UNIT CELL Ai® NON-UNIT 
CELL FUNDAMENTALS OF P0L2ETHYLENE
Wave
Number Line Group Space Group
k = 0 C2v k = 0 Ca Cs Cl
1061 Al
1168 ^ ig &2






















b2u + b3tt B A' A
2851 b3u Bl !
2919 b2u B2
TABIE V
ACTIVITY REPRESENTATIONS OF BINARY COMBINATIONS (SPACE GROUP ANALYSIS)
k = 0 k 0
(ag + big) (ag + big)
(bgg + b3g) (b2g + b3g)
(^u ^ lu ) ^ lu )
(b2u + b3u) (bgu + b3u)
(& g  *  > ^ lg ) (& u  +  b i u )
(b2g + b3g) (b2u + b3u)
(ag  b ig )  (b2g + b3g)
(au + b iu ) (b2u + k»-;u)
(ag » b ig ) (b2u + b3u) 
(au  + b iu ) (b2g + tijig)
(0 2 ): 4(Ag + Big + Au + Biu) 4A ii
2Ag + 2Big (Os): 4(Ag + Big + Bgu t  B-su) 4A'
JO i) ! 4(Ag + .........  + El.;u) 4A
'(C2 ) : 4(Au + Biu 4g + Big) 4A I
2A  ̂ + 2Bivi (Og) : 4(Au + Biu + B2 g + 6 3 g) 4A" I
j C i) : 4(Ag + .........  + B3u) 4A
(C2 ) : 4(B2g + B3g + Bgu + B3u) 4B
2B2 g + 2B3g (Og): 4(B2g + B3g + Au + Biu) 4A"
(C i)s
N.
4(Ag + .........  + B3 u) 4A
(0 2 ) : 4(Bgu + B3U + Bgg + 6 3 g) 4B
2B2 u + 2B^^ (Og) s 4(B2u + B3U + Ag + Big) 4A»




INTERPRETATION OF THE RAMAN 
SPECTRUM OF MARIEX 50
1 Wave 
Number D esc rip tio n I n te rp re ta t io n
1061 m + b]_g fundam entals
1131 m bZg + b^g fundam entals
1168 vw ^g + b^g fundam entals
1295 s ^2g + b^g fundam entals
1A15 w ^2g + b^g fundam entals
1440 m ag + b^g fundam entals
1464 w,b 2 X 725 = 1450 2kg + Big
-^2720? w w 2 X (1359) = 2718
2848 v s ,b + b ig  fundam entals
2883 w s + b ig  fundam entals
2932 Yr 2 X 1468 = 2936 2kg t  Big
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TABIE VII
INTERPRETATION OF THE INFRARED 
SPECTRUM OF MARLEX 50
Wave




























































Fundamental f o r  amorphous po lyethy lene
Fundamental fo r  amorphous po lyethy lene
b2u ^3u fundam entals
C:C
C:0?
[2  X 908
_ JZ 2 5 _ J i_116_8_
= 1816)?
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TABLE m ~ -  (Continued)
1 . . . . . . . . . . . . . . . . . .
I Wave 
I Number D escrip tion^ Phase^ In te rp re  ta t io n ^
I960 W W CA § X 990 = 198<^?
2016 w CA 725 + 1295 = 2020 2Ajj ^®lu
2144 vrr CA 725 + 1440 = 2165 2B2u f 2B3U
725 + 1415 = 2140 2Au + 2Biu
2185 W W A? [ l06l + 1131 = 219;^ 2B2g 2B3g
[725 + 1468 ?  2193] 2Ag + 2Blg
2221 vw [1O6I + 1168 = 222^ 2Ag + 2Blg
2242 vw C X 1131 = 226^ 2Ag + ®lg
2275 vw C [1131 + 1168 -  2299] 2Ag + 2Big
2328 w [2 X 1168 = 2336] 2Ag 4* Big
i  2345i w CA [1061 f 1295 = 2356] 2B2g + 2B3g
2415 vw CA [1131 + 1295 = 2426] 2Ag + 2Blg
j
I
1061 (1359) = 2420
2473 vw CA [106I + 1415 = 2476] 2B2g + 2B3g
1168 + (1306) = 2474
- 1131 + (1359) = 2490
2525 w 1061 t 1468 = 2529 2B2u + 283,5
1168 + (1359) = 2527
2549 w [1131 + 1415 = 2546] 2A,0 + 2Big
2597 W W 1131 + 1468 = 2599 2Au + 2Blu 1
1295 + ( I 3O6) r  2601
i
i
[1168 + 1440 = 2608] 2Ag + 2Blg
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TABIE VII - (Continued)
I Wave
iNumber D escrip tion^  Phase^ In te rp re ta t io n ^
/V
[2 X 1295 = 2590] 2Ag + Big
2635 m 0 1168 + 1468 = 2636 2B2u + 2B^u
2658 m 1295 + (1359) = 2654
2713 WW (1306) + 1415 = 2721
[1295 + 1415 = 2710] 2Ag + 2B2̂ g
2741 vw (1306) + 1440 = 2746
[1295 + 1440 = 2735] 2B2g + 2B^g
2831 w s  _L ^2u + 1^3u fundam entals
2897 w 1410 + 1468 = 2908 2B2u + 2B^u
2919 W SJ. b2u + fundam entals
3O8O w
3220 W W
3371 vw CA -OH?
3433 vw
3605 w CA 725 + 2883 = 3608 2B2u + 2B^u
3648 vw [725 + 2919 = 3644J 2Ag + 2B]_g
'3700 W W
-3810 W W
'3900 w,b 1061 + 2851 = 3912 2B2u + ^ 3 ti
3982 vw 1131 + 2851 = 3982 2Au + 2Bi^
1
1061 f  2919 r  3980
1
^ 2 u  ^ 3 u
4027 w J. A? 1168 + 2851 = 4019 2B2a + 2B3U
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TABIE VII - (Continued)
Wave
Number D escrip tion^  Phase^ In te rp re ta t io n ^
4053 vw 1131 2919 = 4050 2Au + 2Biu
4106 mX 1168 + 2919 = 4087 2B2u + 263^
1295 + 2851 = 4146 2A|i + 2B]_u
4185 mX? [1295 + 2883 = 4178] 2B2g t  283g
(1306) + 2883 = 4189
4221 v j l 1295 + 2919 = 4214 2Au + 28^u
(1359) + 2848 = 4207
4255 mX? 1415 + 2851 = 4266 2Atx + 2Biu
1440 + 2851 = 4291 2B2u + 2B3u
4327 s 1 1415 + 2919 = 4334 2Au 2Biu
1463 + 2883 = 4351 2B2u + 283^
1440 + 2919 = 4359 2E2u + 283^
5662 wX? 2848 2851 = 5699 2B2u + 283,1
5770 m X 2883 + 2919 = 5802 2B2u + 2831,
2848 2919 = 5767 2B2u + 283^
^The d e sc r ip tio n s  were determ ined from th e  ab so rp tio n  curve 
f o r  the 0.103  mm film  and based on th e  fo llow ing  s c a le :  >80^ tr a n s ­
m ission : w w ; 70-80?; vw; 60-?(%: w; 40-60?: m; 20-40?: s :  0-20?:
v s ; 0?: w s .
or A in d ic a te s  th a t  th e  band i s  a s so c ia te d  p r im a r ily  w ith  
I th e  c r y s ta l l in e  o r th e  amorphous phase .
I ^Combinations in v o lv in g  n o n -u n it c e l l  fundam entals a re  enclosed
Iin  b ra c k e ts . Amorphous phase fundam entals a re  enclosed  in  p a ren th ese s .
CONCLUDING REMARKS
The assumed model fo r  long m ethylene chains g ives r e s u l t s  con­
s i s t e n t  w ith  many observed fe a tu re s  o f th e  v ib ra t io n  s p e c tra .  The ex­
p e rim en ta l d e ta i l s  o f th e  s p l i t t i n g  o f in f r a r e d  bands are  q u a l i ta t iv e ly  
accounted f o r ,  accord ing  to  the  c a lc u la t io n s  o f S te in .^  However, i t  
appears from h is  a n a ly s is  th a t  s p l i t t i n g  would be expected in  the  Raman 
spectrum  a ls o ,  where none was observed. None o f th e  film s was examined 
w ith  the m icrophotom eterI however i f  such s p l i t t i n g  were o f th e  same 
o rd e r o f magnitude as i t  i s  in  the  in f r a r e d  spectrum , i t  should  have 
been v is u a l ly  d is c e rn ib le .
The assumed model cannot e x p la in  c e r ta in  o b serv a tio n s w ith  r e ­
gard  to  p o la r iz a t io n  and in t e n s i ty .  I t  has been observed by Ferguson^ 
th a t  i n  o r ie n te d  po ly e th y len e  film s th e  d ic h ro ic  r a t io s  fo r  th e  th re e  
s tro n g  in f r a re d  bands a re  s ig n i f i c a n t ly  d i f f e r e n t .  According to  the  a s ­
sumed model, th e  d ic h ro ic  r a t i o  fo r  any one band, i . e . ,  the  r a t i o  o f the  
i n t e n s i t i e s  o f th e  band when the  r a d ia t io n  i s  p o la r iz e d  re s p e c t iv e ly  
p a r a l l e l  and p e rp e n d icu la r  to  the  d ir e c t io n  o f s t r e tc h ,  shou ld  depend only  
on th e  o r ie n ta t io n  o f th e  ch a in s . T herefo re , the  d ic h ro ic  r a t io s  should 
be th e  same fo r  a l l  th re e  bands. The d ic h ro ic  r a t io s  a re  a ls o  d i f f e r e n t
^R. S . S te in , J .  Chem. Phys. 23, 734 (1955).
% . E . Ferguson, p r iv a te  communication.
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’fo r  the  two components o f the doub le t near 725 cm”!* This can be ex­
p la in e d  in  p a r t  by th e  c o n tr ib u tio n  of th e  u n o rien ted  amorphous phase to! 
the  720 cm"^ component• I t  i s  hard  to  ex p la in  th e  re p o rte d  change o f 
r e la t iv e  in t e n s i t i e s  o f the 720 and 731 cm*"̂  components d u ring  the  p rocess 
o f s t r e tc h in g  and a n n e a l i n g . T h e  curves reproduced by S te in  and 
S u therland  seem to  in d ic a te  changes in  shape o f the  two components. I t  
I  would be in te r e s t in g  to  see i f  any r e g u la r i ty  and co n sis ten cy  w ith  th e  
assumed model could be ob ta ined  by using  in te g ra te d  in t e n s i t i e s  o f the 
bands in s te a d  o f e x tin c tio n  c o e f f ic ie n ts  as a p p a re n tly  was done. S te in  
and S u therland  found th a t  i t  was th e  r a t i o  o f th e  in te g ra te d  in t e n s i t i e s  
o f th e  731 and 720 cm~^ components th a t  gave a curve c o r re la t in g  w ith  
the  p e rcen t c r y s t a l l i n i t y  a t  d i f f e r e n t  tem p era tu res .
The p re se n t work p rov ides an in te r p r e ta t io n  of th e  in f ra re d  
band a t  1895 cm“^ , as shown in  Table V II. This band appears to  be a s s o c i­
a te d  w ith  th e  c r y s ta l l in e  phase alone and i t s  in te n s i ty  has been used as 
an em p irica l measure o f p e rcen t c r y s t a l l i n i t y .  I t  i s  r e a d i ly  exp la ined  
as a com bination in v o lv in g  a fundam ental n o t observed p re v io u s ly , bu t 
the  space group a n a ly s is  does n o t ex p la in  why th e  band i s  a s s o c ia te d  on ly  
w ith  the  c r y s ta l l in e  phase .
The g re a te s t  d i f f i c u l ty  w ith  the  in te r p r e ta t io n  o f th e  in f r a ­
red  spectrum i s  in  connection  w ith  th e  b^^ fundam ental. From the  assumed 
c r y s ta l  s t ru c tu re  and symmetry v ib ra t io n s ,  one would expect t h i s  funda­
m ental to  be observed as a s tro n g  in f ra re d  band p o la r iz e d  p a r a l l e l  to
Smith, and Wartman, J. Polymer Sci. 32, 1 (1953).
^R. S . S te in  and G. B. B. M. S u th erlan d , J .  Chem. Phys. 22,
LL9 S -3 - a 9 5 4 l . ________________________________________________________________________________________________________
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jthe chain  a x is .  The only observed bands w ith  the  proper p o la r iz a t io n  ap­
pear to  belong to  the amorphous phase. I t  must be remembered, hovfever, | 
th a t  the symmetry co o rd in a tes  a re  approxim ations, and th a t  th e re  may be j
I
i
considerab le  in te r a c t io n  among them which would modify th e i r  c h a ra c te r . 
Primas and Günthard^ concluded from th e i r  c a lc u la tio n s  th a t  th e re  was 
such in te r a c t io n  between the m ethylene wagging and deform ation v ib ra tio n s  
th a t  any such d i f f e r e n t ia t io n  o f th e i r  c h a ra c te r  was but a fo rm a lity .
Furtherm ore, th e  in te r p r e ta t io n  o f th e  Raman a c tiv e  bands be­
low 1500 cm“^ i s  n o t co n c lu s iv e . I t  i s  based la rg e ly  on the  g en era l r e ­
s u l t s  o f th e o r e t ic a l  c a lc u la t io n s ,  and the  only  experim ental evidence to  
support i t  i s  th e  p o la r iz a t io n  o f  the  two in f ra re d  bands a t  1895 and 
2016 cm"" .̂ I t  would be very  d e s ira b le  to  check th e  in te r p r e ta t io n  by 
o b ta in in g  Raman sp e c tra  of o r ie n te d  sam ples. I t  i s  q u ite  d i f f i c u l t  to  
grow s in g le  c ry s ta ls  o f p a ra f f in s ,  bu t i t  should be e a s ie r  f o r  long ch a in  
compounds w ith  p o la r  end groups, l ik e  f a t t y  a c id s  o r a lc o h o ls . Work 
th a t  has been done w ith  s in g le  c ry s ta ls  o f  th e se  substances has u t i l i z e d  
c r y s ta ls  m easuring le s s  than  a m illim e te r  in  any dim ension, which would 
no t be s u i ta b le  f o r  techn iques o f Raman s p e c t r o s c o p y .7^8 o rie n te d  
film s o f po lyethy lenes can be produced, and i t  may be p o ss ib le  to  acq u ire  
a sample s u f f ic ie n t  fo r  Raman sp ec tro sco p ic  techn iques by superim posing 
many la y e rs  o f o rie n te d  f i lm s . The o r ie n ta t io n  p ro p e r tie s  o f s tre tc h e d
I(1952) .
% . Primas and H. Giinthard, Helv. Chim. Acta 1791 (1953) #
^A. M uller, P roc . Roy. Soc. (London) A, 120, 437 (1928).
*̂ A. R. H. Cole and R. N. Jones, J .  Opt. Soc. Am. 348
Krimm. J. Chem. Phys. 22. 557 (1954)«__________________
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Ibulk p o ly e th y len e , i f  such be f e a s ib le ,  a p p a re n tly  have no t been in v e s t i ­
g a ted . Perhaps o r ie n te d  rods o f po ly e th y len e  could be produced fo r  Raman 
sp ec tro sco p ic  purposes. Krimm has found th a t  c o ld -s tre tc h e d  and h e a t-  | 
re la x e d  film s show p re fe r re d  o r ie n ta t io n  o f  the  c r y s t a l l i t e s  and th a t  j
th i s  p ro p e rty  i s  a ls o  e x h ib ite d  by some m achine-extruded f i lm s . Perhaps 
a m achine-extruded rod  would show some o r ie n ta t io n .
There i s  the p o s s ib i l i t y  o f o b ta in in g  a d d it io n a l  v a lu ab le  in ­
form ation by improving th e  experim en ta l p rocedures o f  th e  p re se n t work. 
B e tte r  Raman s p e c tra  o f th e  polymers could  be ob ta ined  i f  f lu o re s c e n t 
im p u ritie s  could  be removed and th e  m a te r ia l  were chopped in to  f i n e r  
p ie c e s . I t  would a lso  be d e s ira b le  to  remove lower m olecu lar w eight 
f ra c t io n s  from the  polym ers. I t  would be v a lu ab le  to  have lo n g , r e l a ­
t iv e ly  background-free exposures to  see w hether the  890 cm“^ band can be 
observed in  p o ly e th y le n e s . The Raman spectrum  of a c r y s t a l l in e  p a ra f f in  
and o f a  po lyethy lene w ith  d e u te ra te d  m ethyl groups would a ls o  be o f  value  
fo r  in te r p r e ta t io n  o f  th i s  band, and fo r  t e s t i n g  the  assignm ent o f th e  
Raman bands a t  1061 and 1131 cm“^ .
Removal o f f lu o re s c e n t im p u r itie s  should co n sid e rab ly  reduce 
th e  d i f f i c u l ty  which was encountered  in  a ttem p tin g  to  o b ta in  Raman spec­
t r a  o f th e  samples in  the  l iq u id  s t a t e .  This was probably  th e  prim ary 
d i f f i c u l ty  w ith  th e  p a ra f f in s  ; however, in  th e  case o f polymers th e re  
may a lso  have been a co n s id e rab le  amount o f  c o l lo id a l - s iz e d  p a r t i c le s  
in  th e  m e lt.
Work i s  in  p ro g ress a t  P h i l l ip s  Petroleum  Company to  o b ta in  
low tem perature in f r a re d  sp e c tra  o f polym ers. The low tem perature  should  
remove some background and decrease the  broadening o f  the bands caused
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by p o p u la tio n  o f l a t t i c e  v ib ra tio n  energy le v e ls  a t  room tem p era tu re . 
I t  has been re p o rte d  th a t  a l l  bands a re  much sliarper and weaker bands 
are more prominent in  th ese  s p e c tra .^
0. F ren ze l, p r iv a te  communication.
sm m cï
S ev era l in v e s t ig a to rs  have ob ta ined  in f ra re d  d a ta  fo r  compound^ 
co n ta in in g  long methylene ch a in s , b u t very  few have re p o rte d  Raman data  
fo r  such compounds. The aims of the p re se n t work have been to  o b ta in  
Raman d a ta  fo r  some lo n g -ch a in  p a ra f f in s  and fo r  po lyethy lenes and to  
in t e r p r e t  th e  in f ra re d  and Raman sp e c tra  o f the h ig h ly  c r y s ta l l in e  po ly­
e th y len e , M arlex 30.
In  s p i te  of th e  g re a t d i f f i c u l t i e s  in  observ ing  the  Raman spec­
t r a  o f such m a te r ia ls ,  r a th e r  complete Raman d a ta  were ob ta ined  f o r  s o l id  
n-C28H38; Û-C36H74, Venezuela wax, s t e a r i c  a c id , M arlex 20, and M arlex 
50. The band n ear 89O cm"^, which i s  prom inent in  the  Raman sp e c tra  o f 
sh o r t-c h a in  p a ra f f in s ,  was n o t observed in  the Raman s p e c tra  o f  th e  po ly­
e th y le n e s . On th e  o th e r hand, two new bands were found fo r  most o f th e  
compounds. Repeated a ttem p ts  to  o b ta in  the  Raman sp e c tra  o f some o f 
these  compounds in  th e  l iq u id  s ta te  were la rg e ly  un su ccessfu l on account 
o f background. Only fo r  l i q u id  Venezuela wax were any bands observed 
o th e r  than  those  a s so c ia te d  ivith  s t r e tc h in g  of the  carbon-hydro gen bonds 
An improved in f ra re d  spectrum  of Marlex 50 was ob ta ined  w ith  a double­
pass spectrom eter having NaCl and LiF p rism s.
I t  i s  assumed th a t  the c r y s ta l l in e  phase o f Marlex 50 has th e
space group V̂ ^̂  ̂ and the same u n it  c e l l  as determ ined fo r  an o ther
I
I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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p o lye thy lene  by B u n n .^ S p e c t r a l  a c t i v i t i e s  of the symmetry v ib ra tio n s  
a re  derived  by the space group method of t r e a t in g  m olecu lar c r y s ta ls  de 
veloped by Bhagavantam and V enkatarayudu,^ W inston and H alfo rd ,^  and 
Hornig,^’ and extended by Tobin^ to  c r y s ta ls  of lo n g -ch a in  m o lecu les.
This a n a ly s is  y ie ld s  e ig h t Ram an-active fundam entals, f iv e  in f r a r e d -  
a c tiv e  fundam entals, and one in a c tiv e  fundam ental f o r  th e  polym ethylene 
ch a in . Two chains pass through each u n i t  c e l l ,  and two c lo s e ly  spaced 
u n i t  c e l l  fundam entals correspond to  each chain  fundam ental. I t  i s  a 
well-known experim ental f a c t  th a t  two o f the  s tro n g  in f r a re d  bands o f 
m ethylene chain  compounds become d o u b le ts  in  the  c r y s ta l l in e  s t a t e .  A 
s im ila r  s p l i t t i n g  has no t been observed fo r  o th e r  bands o f th e se  com­
pounds. Thus, most o f  th e  observed bands must be regarded  as acc id en ta l!.y 
doubly d eg en era te . Four o f th e  in f ra re d -a c t iv e  fundam entals have been 
ass ig n ed  by prev ious w orkers. The Raman a c tiv e  u n i t  c e l l  fundam entals 
o f  c r y s ta l l in e  M arlex $0 a re  a ss ig n ed  as fo llo w s: sp ec ie s  ag and b^g: 
1061, 1168, 1140, 2848 sp ec ie s  bgg and b^„: 1131, 1295, 1415,
2883  om” ^o
In  term s o f th e se  u n i t  c e l l  fundam entals i t  has been p o ss ib le  
to  i n t e i ^ r e t  a l l  b u t n in e  v e ry  weak bands o f the  s ix ty  observed in f r a re d  
bands of M arlex 50. The in te r p r e ta t io n s  of s e v e ra l  com bination bands
Bunn, T rans. Faraday Soc. 35, k^2 (1939).
% . Bhagavantam and T. Venkatarayudu, P ro c . In d . Acad. S c i .  9A 
224 (1939); S . Bhagavantam, i b i d . 13A, 543 (1941)•
i  s . H alfo rd , J .  Chem. Phys. 3 ^  8 (1946); H. W inston and
R. S. H alfo rd , i b i d . 60? (1949).
^D. F. H ornig, J .  Chem. Phys. 1063 (1948).
%. C. Tobin, J. Chem. Phys. 2 3 , 891 (1955)1
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v io la te  th e  u -£  s e le c t io n  r u l e .  I t  i s  assumed, th e re fo re , th a t  th ese  
bands a re  com binations o f n o n -u n it c e l l  fundam entals having equal and 
probably v e ry  sm all wave number v e c to r s . C onsidera tion  o f com bination 
bands d id  n o t y ie ld  any d e f in i te  in fo rm atio n  abou t the unknown b^^ and 
a^ fundam entals.
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